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Preface 



Hypoxic pulmonary vasoconstriction (HPV) serves a regulatory function 
by matching perfusion to ventilation and shunting blood flow away from the 
poorly oxygenated regions of the lung. HPV is a critical physiological 
mechanism of the lung to ensure maximal oxygenation of the venous blood in 
the pulmonary artery. Persistent alveolar hypoxia, however, causes pulmonary 
hypertension which is characterized by sustained pulmonary vasoconstriction 
and pulmonary vascular remodeling. The hypoxia-mediated pulmonary 
hypertension causes right heart failure in patients with a variety of cardio- 
pulmonary diseases, including chronic obstructive pulmonary disease, congenital 
heart disease, and mountain sickness. Over the last decade, considerable progress 
has been made in understanding the cellular and molecular mechanisms involved 
in HPV and hypoxia-induced pulmonary vascular remodeling. These significant 
findings provide an essential basis to specify the precise sequences of events of 
HPV, to identify the etiology ofhypoxia-mediated pulmonary hypertension, and 
to develop new therapeutic approaches for patients with pulmonary hypertension. 

The major objective of this book is to provide a timely and long lasting 
guide for investigators in the fields of cardiovascular physiology and 
pathophysiology, pulmonary vascular disease, and high-altitude physiology and 
medicine. This will establish a solid scientific foundation for subsequent 
applications in clinical practice. The book is divided into eight sections: I. 
Physiology and pathophysiology of HPV; II. Role of intracellular Ca 2+ and Ca 2+ 
sensitivity in HPV; III. Role of ion channels in HPV; IV. Role of the 
endothelium in HPV; V. Mechanisms of oxygen sensing in the pulmonary 
vasculature; VI. Oxygen-sensing mechanisms in other organs and tissues; VII. 
Pathology and mechanisms of hypoxia-induced pulmonary hypertension; and 
VIII. Experimental models for the study of HPV. 

Subsections in each of the main sections address critical aspects related 
to hypoxia-induced pulmonary vasoconstriction and pulmonary hypertension. 
Section I highlights the physiological function (Chapter 1) and heterogeneity 
(Chapter 2) of HPV, as well as the physical principles of pulmonary circulation, 
gas exchange, and HPV and their correlation with gene actions (Chapter 3). 
Intracellular Ca 2+ is not only a major trigger for smooth muscle contraction, but 
also an important signal transduction element that mediates gene expression, 
protein synthesis, cell migration, and cell proliferation. Section II discusses how 
intracellular Ca 2+ signals are regulated by hypoxia to induce HPV and pulmonary 
vascular smooth muscle cell proliferation. Four chapters are devoted to aspects 
ofrecent findings on the roles of Ca 2+ sparks (Chapter 4), agonist-mediated Ca 2+ 
transients (Chapter 5), Ca 2+ mobilization from the sarcoplasmic reticulum 
(Chapter 6), and Ca 2+ sensitization (Chapter 7) in the development of HPV. How 
acute hypoxia regulates cytoplasmic, nuclear, and intracellularly-stored Ca 2+ 
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concentration in pulmonary artery smooth muscle cells is also discussed in this 
section. Section 111 is designed to explore the role of ion channels in HPV. 
Chapter 8 discusses the functionally expressed ion channels along with their 
regulation in the pulmonary vasculature. Two chapters focus on the regulation 
of K + channel activity by a mitochondrial redox sensor (Chapter 9) and by acute 
exposure to hypoxia (Chapter 10). The functional role ofK + channels (especially 
voltage-gated K + channels) in regulating membrane potential and cytoplasmic 
Ca 2+ concentration (via altering activity of voltage-gated Ca 2+ channels) in 
pulmonary artery smooth muscle cells, the transcriptional regulation of K + 
channel genes by chronic hypoxia, and the role of dysfunctional K + channels in 
the development ofhypoxia-induced pulmonary hypertension are also discussed 
extensively in Chapters 9 and 10. Furthermore, the contribution of transient 
receptor potential channels and capacitative Ca 2+ entry to the development of 
HPV is reviewed in Chapter 11. Section IV includes an elegant discussion on the 
role of endothelium in HPV. 

Section V is designed to describe the putative and potential mechanisms 
of oxygen sensing in the pulmonary vasculature. It is focused on oxygen radicals 
(Chapters 13 and 14), mitochondrial oxidative phosphorylation chain (Chapters 
15 and 17), cellular redox status (Chapter 16), and cADPR accumulation 
(Chapter 18). In addition to the pulmonary vasculature, there are many tissues 
and cells whose function is regulated by oxygen. Section VI is focused on the 
cellular mechanisms involved in oxygen-sensitive gene expression (Chapter 19), 
as well as the oxygen sensing mechanisms and oxygen-sensitive ion channels in 
arterial chemoreceptor (Chapter 20), chromaffin cells (Chapter 21), and 
pheochromocytoma cells (Chapter 22). Section VII discusses current knowledge 
on the etiology and pathological characterization ofhypoxia-induced pulmonary 
hypertension and right heart failure. It is focused on the hypoxia-sensitive 
agonists, mitogens, and transcription factors found in animal and human lung 
tissues (Chapters 25, 28, and 29); the role of the heterogeneity in hypoxia- 
induced pulmonary vascular smooth muscle cells proliferation (Chapter 26); the 
potential mechanisms involved in pulmonary vascular remodeling and hypoxic 
pulmonary hypertension (Chapters 23, 24, and 28); the pathophysiology and 
treatment of persistent pulmonary hypertension in the newborn (Chapter 27); and 
the strain difference of hypoxia-induced pulmonary hypertension (Chapter 30). 
Section VIII includes three chapters on how to use animal and in vivo models 
(Chapter 31) and transgenic animal models (Chapter 32) for studying HPV and 
hypoxia-mediated pulmonary hypertension. A chapter on patch clamp and 
fluorescence microscopy techniques (Chapter 33) for measuring ion channel 
currents and intracellular Ca 2+ is included. 

In summary, this book not only covers the current state-of-the-art 
findings relevant to cellular and molecular processes of hypoxic pulmonary 
vasoconstriction but also provides the underlying conceptual basis and 
knowledge regarding etiological mechanisms and experimental therapeutics for 
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hypoxia-mediated pulmonary hypertension. I hope this book will be something 
of use not only to those who are experienced basic science investigators in the 
research fields ofhypoxic cardiopulmonary physiology and pathophysiology and 
pulmonary vascular diseases, but also to a large community of clinicians or 
physician scientists whose primary subspecialty is in pulmonary and critical care 
medicine, cardiology, cardiothoracic surgery, environmental medicine, and 
sports medicine. 
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I. PHYSIOLOGY AND PATHOPHYSIOLOGY 

OF 

HYPOXIC PULMONARY VASOCONSTRICTION 




Chapter 1 



Physiological Function of Hypoxic Pulmonary 
V asoconstriction 



Charles A. Hales 

Massachusetts General Hospital, Harvard Medical School, Boston, Massachusetts, U.S.A. 



1. Introduction 

Hypoxic pulmonary vasoconstriction (HPV) clearly has a role in reducing 
perfusion through the lung in utero to enhance 0 2 delivery to the systemic 
circulation. It may also have a role in adults to improve the balance of blood 
perfusion to ventilation in the lung to optimize gas exchange, although some 
have suggested that this is a vestigial response (17). This chapter will look at the 
physiological role of HPV in the fetus and the adult. 

2. History of Hypoxic Pulmonary Vasoconstriction 

Investigators from as early as the 1930s were aware that men at altitude in the 
Andes mountains had an enlarged right heart as seen by electrocardiogram, chest 
X-ray and autopsy compared to men at sea level (29, 34). This was thought to be 
due to hypoxia, “anoxica anoxia”. How the right heart became hypertrophied was 
unclear until the recognition in 1946 that pulmonary vessels constricted to 
hypoxia (46). von Euler and Liljestrand were exploring the regulators of 
pulmonary blood flow in cats into which they had implanted a rigid tube and 
flange through the side of a pulmonary artery to measure pulmonary artery 
pressure. In 9 cats they measured a mean pulmonary artery pressure of 17 mmHg 
when the cats spontaneously inhaled air or were artificially ventilated. They 
noted that when the cats were ventilated with 10-11% 0 2 that there was a distinct 
rise in pulmonary artery pressure. They did not measure cardiac output with 
hypoxia but did note only a small rise in pulmonary artery pressure with 
occlusion of one main pulmonary artery, causing double the blood flow to the 
remaining right lung, or only a modest rise in pulmonary artery pressure with 
muscular exercise. They felt the rise in pulmonary artery pressure when the cats 
received hypoxic ventilation was out of proportion to the rise seen with the flow- 
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induced change in pulmonary artery pressure, suggesting a direct effect of 
hypoxia to constrict the pulmonary vessels. They also examined C0 2 and found 
a lesser response. C0 2 may enhance HPV more than it constricts by itself (7). 
Subsequent to these classic studies, many other investigators have confirmed that 
there is a rise in pulmonary artery pressure in most cases in animals or humans 
with little or no rise in cardiac output caused by inhalation of 10% 0 2 (31). 

3. Physiologic Characteristics of Hypoxic Pulmonary 
V asoconstriction 

In humans and adult animals the alveolar oxygen tension (P0 2 ) needs to reach 
60 mmHg or lower to initiate pulmonary vasoconstriction (5, 26). In newborn 
sheep, however, there is evidence of active hypoxic tone even when being 
ventilated with 30% F|0 2 (5). This enhanced sensitivity to alveolar hypoxia in the 
newborn probably accounts for the well-known flip/flop of the circulation in the 
newborn when weaning from the ventilator during which suddenly pulmonary 
vascular resistance is high and the fetal shunts have opened again. At an alveolar 
oxygen of 60 mmHg or greater, there is little pulmonary vasoconstriction to 
hypoxemia even when the mixed venous Po 2 is as low as 10 mmHg (26). 
Although as alveolar hypoxia gets more severe, mixed venous hypoxemia may 
become a more important stimulus to pulmonary vasoconstriction. Nevertheless, 
the greater responsiveness of lung vessels to alveolar than to vascular hypoxia 
has led to the assumption that lung vessels autoregulate flow in response to local 
alveolar ventilation so that poorly ventilated alveoli with low 0 2 concentrations 
produce vasoconstriction to shift perfusion to better ventilated alveoli. 

HPV characteristically has an onset of action in seconds and can be sustained 
for hours if the hypoxia is regional (43). Diffuse hypoxia tends to reach an early 
peak rise in pulmonary artery pressure which then tails off over time (44). HPV 
can be as focal as a lobule (10) or in a larger area, including one lung or both 
lungs. The ability of the lung vessels to constrict and shift blood flow from one 
region to another depends on the size of the area made hypoxic (25). If the whole 
lung is hypoxic, then the lung vessels constrict diffusely and pulmonary artery 
pressure rises as the heart pumps harder to overcome the rise in pulmonary 
vascular resistance, allowing cardiac output and oxygen delivery to the tissues 
to stay as normal as possible. On the other hand, if the hypoxia is regional then 
the local vasoconstriction can effectively shift blood flow with only a very small 
rise in pulmonary artery pressure to other well ventilated areas of the lung which 
are compliant and can receive more flow. The anesthetized dog in Figure 1A 
shifted 54% of the perfusion from its left lung to the right well-ventilated lung 
in response to 100% N 2 for 7 mins to the left lung (13). The mean pulmonary 
artery pressure only increased from 14 to 15 mmHg to achieve this diversion and 
the stimulus to the HPV was alveolar hypoxia (PA0 2 , 25 mmHg) since the 
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arterial Pa0 2 (from the oxygenated lung) was 89 mmHg and the mixed venous 
P0 2 was near normal at 34 mmHg (13). The strength of the HPV in this dog 
exceeded that of most dogs and people where the reduction in blood flow in 
response to HPV of the lung is usually about 30% (13). The strength of HPV is 
nevertheless sufficient to divert blood flow from a dependent to a nondependent 
lung (Fig. IB) in dogs and man (1, 8, 13). 



A Control Hypoxia 




B Control Hypoxia 




Figure 1. Examples of positron camera images of the distribution of perfusion in the lung using 
intravenous injections of 13 N at end-tidal expiration in the supine position (A) and in the left side 
dependent position (B) in the anesthetized dogs. (A) Left picture represents control perfusion on 
room air and the right picture represents the perfusion after 10 min of ventilation of the left lung 
with 100% N 2 while the right lung was on 100% 0 2 . There was a 54% reduction in perfusion to 
the hypoxic lung (Pao 2 25 mmHg) in this animal. (B) Left picture represents control perfusion 
with right side down on room air. Right picture is perfusion during ventilation of the dependent 
lung with 100% N 2 and demonstrates in this dog a 56% shift of perfusion away from the 
dependent lung and, therefore, directly against gravity (Reprinted from Ref. 13). 



The site of HPV seems to be the precapillary 200-300 pm arterioles in pigs 
and dogs but perhaps as small as 25-50 pm vessels in cats based on 
microventilatory puncture techniques and sophisticated x-ray arteriography (Fig. 
2) (33, 38). The veins may constrict but this seems to be modest and diffuse. This 
is hard to measure, especially radiologic ally, because of upstream resistance in 
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the arteries causing less flow and distention of the veins during hypoxia. For 
years it was thought that the alveolar hypoxia sensor was in lung parenchyma. 
Now it is known from the work of Madden et al. that isolated pulmonary vessels 
(200 pm in diameter) themselves can constrict to hypoxia and further that 
pulmonary artery smooth muscle cells can contract although weakly in culture 
in response to hypoxia (23, 32). There is still a possible role for factors 
exogenous to the vessels to amplify or depress the regional hypoxic vasopressor 
response as recently reviewed (22). For example, the hypoxic vasoconstrictor 
response to alveolar hypoxia is less after sympathectomy in lambs though not so 
in sheep (5) and endothelin may play a role in pigs (21). Thus, exogenous factors 
may amplify the strength of vasoconstriction endogenous to the pulmonary artery 
smooth muscle cells. 



Control Hypoxia (5% 0 2 ) 





Figure 2. Typical arteriograms and venograms of left lower lobe under control and hypoxic 
conditions in the same cat are shown. Arteries constrict nonuniformly in series-arranged vessels, 
whereas veins constrict almost uniformly. Solid arrows indicate apparent vasoconstriction 
(Reprinted from Ref. 39). 



4. Fetal and Neonatal Pulmonary Circulation 



The placenta serves as the main source of oxygenation of fetal blood and it 
itself serves to autoregulate the distribution of blood flow through hypoxic 
fetoplacental vasoconstriction mediated via K + channels (15). Just prior to birth, 
blood flow to the airless lung is 8 to 10% of cardiac output and the P0 2 of the 
oxygenated placental blood (17-20 mmHg) is insufficient to decrease resistance 
to perfusion in the fetal lung. At birth there is a sudden and drastic reduction in 
pulmonary vascular resistance, a rise in pulmonary venous blood flow with an 
increase in left atrial pressure so that the patent foramen ovale closes and there 
is 0 2 -related closure of the patent ductus arteriosus such that there is an 8-10 fold 
increase in lung blood flow (35-37). The decrease in vascular resistance in the 
lung at birth is in part related to oxygenation of the lung but not entirely. 
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Hyperbaric oxygenation of the fetal lung in utero without expanding it, will 
increase blood flow (16), showing that HPV is active in decreasing lung 
perfusion. The increase in blood flow at most, though, rose only to 38% of 
cardiac output. However, the mixed venous Po 2 was only 44 mmHg which is 
probably too low to stop all vasoconstriction. Inflation of the fetal lung with 
hypoxic gas mixtures will also increase lung blood flow showing physical 
features of the collapsed lung contribute to pulmonary vascular resistance, and 
as expected, adding inhaled air to the hypoxic distended lung further reduces the 
pulmonary vascular resistance (4, 19, 41). Thus, HPV contributes substantially 
to reducing perfusion to the lung in utero although mechanical factors do so as 
well. 



Figure 3, A: Scintigrams in an erect subject of the distribution of a 250 ml bolus of l3 N inhaled 
from residual volume (BORV) (left), and after rebreathing for 2 min and then breath holding at 
RV (EQRV) (right). B: Scintigrams were obtained during breath hold at RV as nitrous oxide was 
streaming into the lung through all patent airways to pulmonary capillary blood. Left scintigram 
made at 8 sec after injection of bolus of 13 N into the nitrous oxide stream shows the bolus in the 
trachea and major bronchi. Right scintigram 24 sec later shows that the bolus has largely cleared 
the major airways and is similar in distribution to BORV, both displaying basal decrease in 
activity compared to EQRV (Reprinted from Ref. 14). 





5. Ventilation Distribution in Normal Subjects with Small 
Airways Dysfunction 

The adult lung has over 300,000,000 alveoli and the distribution of 
ventilation is not uniform. Airway closure occurs in dependent lung at the 
diaphragm if the subject is erect or at the back if supine. In subjects with small 
airways disease such as from asthma or smoking, the airway closure is more 
prominent and occurs earlier in life. Figure 3 shows a scintigram taken by the 
Massachusetts General Hospital positron camera of the distribution of l3 N tracer 
gas during inhalation in a 29-year old man (14). In this case inhalation of the 
tracer occurred from near residual volume as is necessary at that age to collapse 
airways. The image in Figure 3A (left) is taken at residual volume after 
equilibration with air and the tracer l3 N which is almost insoluble. The image in 
Figure 3A (right) is of a bolus of 250 ml of l3 N labeled tracer inhaled from 
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residual volume to total lung capacity. The tracer goes mainly to the apices of the 
lung. The image in Figure 3B (left) was made after the subject rebreathed the 
highly soluble gas nitrous oxide and then breath held at residual volume with an 
open glottis while the nitrous oxide streamed from the reservoir into the 
bloodstream. The image (Fig. 3B, left) was taken 8 seconds after injection of a 
bolus of l3 N in air into the mouth and showed the trachea and central airways. 
The image in Figure 3B (right) was 24 seconds later and showed a distribution 
of the gas similar to that seen with the inhaled bolus in the lower left. Waiting 
longer got no more tracer into the bases. Thus, the airways to the base were 
clearly closed, not allowing the inhaled gas to reach them even though a 
perfusion scan at residual volume showed persistent blood flow to the bases. This 
non-smoking young man had to exhale considerably to show airway closure. 
However, by age 44 even subjects with a normal forced expiratory volume in 1 
second (FEV1) show airway collapse during tidal volume breathing while 
supine. Normals by age 65 show airway closure during tidal breathing even 
seated (18). These areas of low ventilation have the potential to decrease blood 
oxygenation considerably and it is in these areas that HPV could play a major 
role in reducing lung blood flow. 

6. Extra-uterine Hypoxic Vasoconstriction 

Nitroglycerin is a pulmonary artery vasodilator. We wondered if it would 
inhibit HPV, letting us demonstrate whether HPV was important in improving 
gas exchange in humans. In a dog model similar to that shown with the double 
lumen endotracheal tube in Figure 1A, we found a mean decrease in perfusion 
to the hypoxic lung of 28% in 8 animals (12). An infusion of 20 pg/min of 
nitroglycerin reduced the HPV so that only 9% of blood flow was diverted from 
the hypoxic lung resulting in a fall in Pa0 2 in the dogs from 89 to 59 mmHg. 
Knowing that HPV was inhibited by nitroglycerin, we then gave 0.6 mg 
sublingual nitroglycerin to a supine 53-year old man admitted to the hospital 
with suspected coronary artery disease but found to have gastritis with no 
coronary artery disease. He was a former smoker with an FEV, of 99% predicted 
but a flow at low lung volumes (V 25 ) of only 44% predicted, consistent with 
small airways dysfunction and susceptibility to increased airway collapse (Fig. 
3). The arterial Po 2 fell from 80 to 65 mmHg six minutes after the nitroglycerin 
tablet was taken with no significant change in PaC0 2 , pH, shunt or cardiac output 
(Fig. 4). Thus, the nitroglycerin tablet disturbed ventilation-perfusion (V/Q) 
balance since neither shunt nor ventilation was changed, consistent with a loss 
of HPV allowing increased blood flow to hypoxic areas of lung (12). 

We then looked at a series of individuals studied supine as it minimized any 
change in cardiac output by nitroglycerin, and maximized airway narrowing or 
closure since functional residual capacity falls by 15% in the supine position. 
Eight of the subjects had reduced airflow at low lung volumes (V 25 ) consistent 
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with small airways dysfunction and six were completely normal. Normal subjects 
decreased their Pa0 2 by 9 mmHg and those with small airways dysfunction by 14 
mmHg after nitroglycerin (Fig. 5). Shunt fraction was assessed in 13 of these 
individuals and it changed by less than 1%, thus not being responsible for the fall 
in Pa0 2 . Subjects with advanced emphysema or pulmonary fibrosis were in 
generally much less responsive to nitroglycerin (Fig. 5). The DL C0 in these 
subjects was very low reflecting a likely significant loss of vascular bed. Perhaps 
in this state there is insufficient compliant vasculature anywhere in the lung for 
HPV to effectively divert blood. This display of the importance of HPV in 
humans with minimal or no lung disease has subsequently been shown by 
nitroprusside infusions in patients with congestive heart failure where Pa0 2 fell 
in spite of an increase in cardiac output and a small rise in mixed venous Po 2 
from 31 to 33 mmHg (30). 




Figure 4. Sequential changes in arterial blood gases in one supine subject with small airways 
dysfunction given 0.6 mg of nitroglycerin sublingually at the arrow. Alveolar-arterial (A -a) 
gradient during 0 2 breathing was obtained in the control period and at 16 mins after nitroglycerin 
administration (0 2 given from 9 to 16 mins). Twenty-two mins after the nitroglycerin was given, 
the Po 2 was still reduced at 67 mmHg (Reprinted from Ref. 12). 



7. Hypoxic Vasoconstriction in Pneumonia 

HPV appears to be ineffective in pneumonia. Light et al. measured blood 
flow with microspheres to the left lower lobe of the dog before and 3 days after 
inoculating the left lower lobe with Streptococcus pneumoniae (20). Using 
radiographs, they confirmed the presence of pneumonia confined to the left 
lower lobe. Perfusion to the left lower lobe showed a variable and nonsignificant 
decrease that was not affected by 0 2 breathing. Utilizing blood samples from the 
lobar veins at terminal thoracotomy, they measured Q S /Q T through the left lower 
lobe with pneumonia as 0.69 compared to 0.08 through the control right lower 
lobe. Alveolar ventilation approached zero in some of the pneumonia lungs. 
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They concluded that HPV was ineffectual in pneumonia so that the magnitude 
of shunt and low V/Q perfusion was increased causing marked hypoxemia. Other 
authors with other models (27) have reached similar conclusions and Sostman 
et al. have shown that perfusion scans in consolidated pneumonia cases in 
humans may be normal (40). 
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Figure 5. Control arterial blood gases and H + in 27 subjects before and the maximum change in 
arterial blood gases after the sublingual administration of 0.6 mg nitroglycerin. Individual values 
for PaOj and group mean values (means±SE) for Pa0 2 (•), Pa0O 2 (o), and H + (x) are shown. The 
decrease in Pa0 2 in subjects with small airways disease was significant at P<0.001 and in the 
normal subjects at P=0.05 (Reprinted from Ref. 12). 



8. Hypoxic Vasoconstriction in Lobar Collapse 

As opposed to pneumonia where HPV does not seem to work well, there are 
abundant data in animals that HPV decreases blood flow through an atelectatic 
lobe. Benumofelectromagnetically measured a 59% decrease in blood flow to 
the left lower lobes of dogs before and after atelectasis (3). Ventilation and re- 
expansion of that lobe with 95% N 2 and 5% C0 2 failed to increase blood flow to 
the left lower lobe whereas ventilation with 0 2 fully restored perfusion. Others 
have also supported a major role for HPV in animals for diverting lung blood 
flow from atelectatic lobes, improving systemic oxygenation (28, 42). 

The data in humans is sparse. Friedlander et al. inserted double lumen 
endotracheal tubes into anesthetized patients to separate ventilation between the 
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two lungs (9). They then positioned the patients in the lateral dicubitus position 
and ventilated the non-dependent lung and not the dependent lung after letting 
the dependent lung collapse. The Pa0 2 fell from 53 l±42mmHg when both lungs 
were ventilated with 0 2 to 285±42 mmHg when only the non-dependent lung 
was ventilated with 0 2 . An infusion of sodium nitroprusside increased cardiac 
output from 2.5 to 3.2 L/min (P<0.05) and increased Q s /Q x from 29±6.3 to 
32.8±4.5 which was not significant in this small series leading the authors to 
conclude that there was no role for HPV in the dependent lung. It is apparent that 
the ability of HPV to effectively move blood flow from the collapsed dependent 
lung to the non-dependent lung was modest at best. Is this because HPV in the 
dependent collapsed lung in humans was inherently weak or was it weak because 
these studies were done under anesthesia? 

I have anecdotal evidence of vasoconstriction in lobar collapse. A 58-year old 
woman was in the coronary care unit and on a ventilator for severe hypoxemia. 
She had collapse of the left lower lobe on chest x-ray and exam. On an F,0 2 of 
1.0 her Pa0 2 was 220 mmHg and her mixed venous P0 2 was 36 mmHg. She was 
begun on intravenous nitroglycerin (TNG) for systemic blood pressure control. 
Her P0 2 fell to 40 mmHg. Mixed venous P0 2 was stable at 33mmHg. Upon 
cessation of the TNG her Pa0 2 recovered to 216 mmHg. She was subsequently 
bronchoscoped with removal of a mucus plug in the left lower lobe bronchus. 
Her Pa0 2 on an F,0 2 of 1.0 rose to 580 mmHg and she was no longer sensitive to 
TNG. Thus, active vasoconstriction seemed to have been occurring in the 
collapsed lobe and animal data would suggest this was hypoxia-induced. 

9. Diffuse Alveolar Hypoxia 

Operation Everest II in 1985 involved 8 male athletes who were 
decompressed in a hypoxic chamber for 40 days to a barometric pressure of 240 
Torr (11). The application of diffuse hypoxia (9.5% 0 2 ) to the lungs of these 
atheletes caused a rise in pulmonary artery pressure acutely from 15±1 to 20±2 
mmHg (P<0.05). Pulmonary capillary wedge pressure rose from 7±1 to 9±1 
mmHg which was statistically insignificant. However, cardiac output rose from 
6.7±0.4 to 8.1±0.7 L/min (P<0.05). Thus pulmonary vascular resistance rose 
only slightly from 1.19 to 1.35 mmHg/L/min. This was insignificant due to very 
low reactivity in response to hypoxia in some subjects. Interestingly, as we found 
in guinea pigs, the degree of pulmonary vasoreactivity at sea level did not 
correlate with the magnitude of the pulmonary hypertension over prolonged 
hypoxia (43). Thus the pulmonary hypertension of chronic hypoxia may be 
related not only to vasoconstriction but to an independent effect of hypoxia on 
the vascular wall (24). 

Diffuse alveolar hypoxia induced pulmonary hypertension may also 
contribute to the pulmonary edema of altitude (2). Twenty one mountaineers 
were divided into two groups, one taking placebo and the other nifedipine before 
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climbing to 4559 meters. Systolic pulmonary artery pressure at altitude averaged 
53±16 mmHg in controls versus 41±8 mmHg in the nifedipine group and 7 of 1 1 
controls developed X-ray evidence of pulmonary edema whereas only 1 of 10 
nifedipine subjects did. The climb only lasted 22 hrs so acute vasoconstriction 
was involved, likely due to hypoxia as 0 2 is known to reverse the edema if begun 
early. How HPV translates into non-cardiogenic pulmonary edema is speculative 
and, as with chronic hypoxia induced pulmonary hypertension, may require an 
independent effect of hypoxia on the vessel wall. 

10. Summary 

HPV clearly has a physiologic role in the fetus to divert blood flow from the 
lungs to the systemic circulation. Once out of the uterus, the human lung 
continues to display alveolar HPV. The usefulness of alveolar HPV to enhance 
gas exchange in normal people and patients with small airways dysfunction is 
based on limited studies but seems real. HPV, however, loses its effectiveness 
at preserving gas exchange in the presence of more diffuse hypoxia, as occurs in 
advanced chronic obstructive pulmonary disease or pulmonary fibrosis. Diffuse 
alveolar hypoxia may, however, contribute to the cor pulmonale seen in these 
diseases and to the pulmonary hypertension of altitude or hypoventilation. Since 
the strength of alveolar HPV acutely does not correlate with the magnitude of 
pulmonary hypertension in chronic diffuse hypoxia, hypoxia may induce 
pulmonary vascular remodeling by a direct effect on the vessel walls as well. 
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1. Introduction 

The concept of heterogeneity with regal'd to hypoxic pulmonary 
vasoconstriction (HPV) may evoke different notions depending on the level(s) 
of interest. These levels might include i) cellular and molecular mechanisms 
responsible for a) sensing low oxygen, h) linking the sensing mechanism to 
smooth muscle contraction, and c) integrating information about local conditions 
(e.g., local mechanical forces and chemical environment) or remote conditions 
(transmitted via neural or hormonal pathways) for effective modulation of the 
response; ii) cell types and anatomical locations wherein those mechanisms 
operate, and iii) both beneficial and unfavorable functional consequences. 
Heterogeneities observed at each of these levels include significant variations 
among species and experimental preparations. The latter may be partly the result 
of the highly modulated nature of the response, which makes it difficult to carry 
out the experimental manipulations necessary for addressing specific questions 
without inadvertently altering the balance of primary and modulating influences. 
These heterogeneities are discussed in most, if not all, chapters of this book, 
sometimes in the form of what may appear, at our present state of understanding 
(or confusion), to be contradictions. The emphasis of this chapter will be on 
some functional notions of heterogeneity arising mainly from studies directed at 
levels ii) and iii), including some of the same points raised in other chapters, but 
perhaps with some variation in context. 

2. Heterogeneity in Lung Structure and the Physiological Role 
of Hypoxic Pulmonary Vasoconstriction 

The remarkably close matching of the flow of air and blood to the thousands 
of functional gas exchange units in the normal lungs is mainly the result of the 
geometric and passive mechanical properties of the airways, vessels, and 
supporting tissues. The structures of the conducting airway and pulmonary 
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vascular trees are quite heterogeneous with regard to the lengths and complexity 
of branching patterns of the various pathways traveled by the blood and air on 
route to the gas exchange surface. The microvascular and alveolar geometries are 
themselves quite heterogeneous even in normal lungs. Although there are 
similarities in the complex patterns of the airway and flow distributing arterial 
architecture down to the acinar level, the physics dominating blood and gas 
transport both above and particularly below that level are substantially different 
(16). As the resolution of methods for measuring regional ventilation and 
perfusion have increased, appreciation of the effectiveness of the system design 
in matching ventilation and perfusion has also increased (2), although knowledge 
as to exactly what the key design features are and how they develop using the 
available genomic information lags behind these functional observations. 

Conjecture as to the path evolution might have taken to achieve this 
functional outcome may not provide much actual insight into evolution, but it 
can provide a framework for understanding some implications of the status quo, 
and this tactic has been used in other chapters. For this chapter, it is notable that 
the systemic circulation evolved such that local blood flow is determined 
primarily by modulation of local tone of vessels fed by a constant pressure head, 
with hypoxia being a dominant and locally self-serving vasodilatory stimulus. 
Conversely, in the pulmonary circulation, local flow is more or less simply 
proportional to right heart output (52), with hypoxia being a considerably less 
dominant and globally altruistic vasoconstricting stimulus without obvious direct 
benefit to the lungs themselves. Given the uniformity in the physiological role 
of the lung tissue, in comparison to the heterogeneity in the roles of systemic 
tissues, and the fact that the lungs must always accommodate the entire cardiac 
output, it is perhaps not surprising that local regulation oftone would have given 
way to a more structurally deterministic system during the evolutionary 
separation of the lungs from the systemic circulation. 

HPV is critical for preventing wasted blood flow to the lungs in the 
mammalian fetus. Its existence in the postnatal mammalian lung is sometimes 
thought to be either a vestigial carryover from the prenatal genetic circuitry or 
a relatively minor adaptation of that circuitry for a role in air breathing. In fact, 
it is questionable whether HPV plays a significant role in matching perfusion to 
ventilation in the normal lung (27, 66, 74), and, as discussed further below, too 
tight a coupling between local gas exchange and pulmonary vasomotor tone 
might cause more problems than it could solve. Thus, the role of HPV in the 
postnatal lung seems to be to diminish the influence of more pathological 
heterogeneously distributed hypoventilation on the V/Q distribution, and its 
presence apparently requires extensive modulation, at least partly to offset 
potentially adverse consequences. Thus, HPV is not a high gain feedback system 
(29) consistent with evolutionary pressure to balance advantages of stabilizing 
the V/Q distribution in the face of disturbances in local lung mechanics (e.g., as 
the result of local airway obstruction, atelectesis, or inflammation) against the 
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disadvantages of increasing pulmonary artery pressure in response to global 
alveolar hypoxia (e.g., ascent to high altitude, hypoventilation) or to the decrease 
in mixed venous P0 2 during exercise. The acute response to hypoxia has a rapid 
onset and is quickly reversed by an increase in Po 2 (43), whereas chronic 
hypoxia produces vascular remodeling and pulmonary hypertension that is 
sustained even after the alveolar P0 2 is returned to normal (75). A causal 
relationship between the acute and chronic response is generally assumed. What 
that relationship is has not been established, but the potential for contributing to 
chronic pulmonary vascular remodeling has been considered to be one of the 
potential risks ofHPV as means of controlling the V/Q distribution. 

3. Longitudinal Heterogeneity in Hypoxic Pulmonary 
V asoconstriction 

One of the first questions raised by the discovery ofHPV by Von Euler and 
Liljestrand (90), and their immediate recognition of its potential for controlling 
regional V/Q, was that of the anatomical site of the constriction. This question 
evokes the concept of longitudinal (arterial to capillary to venous) heterogeneity 
in the ability of the vessels to respond to hypoxia. Clearly, the V/Q regulating 
potential of the response would have the finest resolution if the response were 
restricted to vessels no larger than those serving a functional ventilatory unit. 
Duke (19) carried out what has become an often-repeated (15) experimental 
approach to address the HPV site of action. In this experiment, the lungs are 
perfused using an extra-corporeal perfusion system and ventilating gas mixtures 
that allow pulmonary arterial P0 2 and alveolar (along with pulmonary venous) 
P0 2 to be controlled independently. Likewise, pulmonary venous Po 2 and 
alveolar (along with pulmonary arterial) P0 2 can be independently controlled 
while perfusing the lungs in the retrograde, pulmonary vein to pulmonary 
arterial, direction. Duke (19) found that decreasing alveolar Po 2 was sufficient 
and, under the conditions of her experiments, necessary to provoke HPV. 
Decreasing pulmonary arterial or venous Po 2 while maintaining high alveolar 
P0 2 produced no response. The conclusion was that HPV occurred in the 
pulmonary capillaries. Several studies have inferred that pulmonary capillary 
blood volume decreases in response to acute alveolar hypoxia (14, 15), and there 
is anatomical evidence that the capillaries are capable of responding to hypoxia 
(48). However, there is little direct evidence for hypoxia induced constriction of 
individual capillaries (92), and the concept presently has a low profile. 

Subsequently, direct observations have revealed that hypoxia can cause 
pulmonary arteries and veins to constrict (3, 83), with the response being most 
intense in the small arteries (3, 25, 83, 84). It also seems clear, from studies on 
isolated arteries and arterial smooth muscle cells (59, 88), that the smooth muscle 
cells include both the sensing and contractile machinery. Thus, the search for a 
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humoral mediator that carries the message from 0 2 sensor cells to contracting 
cells has been essentially abandoned. The observation that alveolar hypoxia is 
so much more an effective stimulus than pulmonary arterial hypoxia has been a 
major reason that the humoral mediator concept has been difficult to give up. 
The fact that pulmonary arterial (mixed venous) blood is always hypoxic 
compared to alveolar gas is the reason that HPV has the potential for matching 
perfusion to ventilation in the first place. Thus, there would be no obvious 
benefit to having pulmonary arteries responsive to pulmonary arterial P0 2 . 
However, from an anatomical and gas transport point of view, it is still not 
entirely clear how it is that the relevant arterial vascular smooth muscle is more 
affected by alveolar than pulmonary arterial P0 2 . There is evidence that gas 
exchange can occur between alveolar air and blood in small arteries (15), as it 
can between tissue and arteriolar blood in systemic vascular beds (80), i.e.. that 
the vessel wall P0 2 can be affected by alveolar P0 2 . There has not been a clear 
demonstration that it is sufficient to explain the dominance of alveolar Po 2 as the 
stimulus. 

Longitudinal heterogeneity in the pulmonary arterial hypoxic response is 
demonstrated by observations such as those in Figure 1 wherein the changes in 
vessel diameters in response to hypoxia can be compared with those in response 
to the infused vasoconstricting agent serotonin. The comparison reveals that 
while only the smaller vessel diameters decreased during hypoxia, the larger 
vessels were fully capable of constricting as much as smaller arteries in response 
to a different stimulus. Thus, the vessel size dependence in the hypoxia response 
cannot be attributed simply to a nonspecific size dependent contractility gradient. 
In the Figure IB experiment wherein the flow was held constant, the larger 
vessels in the range studied were actually distended by the pressure increase 
resulting from the downstream constriction. That is not to say that hypoxia did 
not activate the smooth muscle in the larger vessels. In fact, with passive 
distension alone, the large vessels would have been even larger as indicated in 
Figure IB. Thus, although more effective in the small vessels, hypoxia can 
activate arteries as large as 1.5 mm, and probably larger, in the dog lung. 

The observation that rather large pulmonary arteries, and smooth muscle cells 
isolated from their walls, have the capacity to constrict within the normal range 
of mixed venous Po 2 led Marshall et al. (63) to consider the influence of the vasa 
vasorum, which supplies the larger vessel walls with systemic arterial blood. 
From observations using extracorporeal manipulation of the Po 2 of the bronchial 
arterial blood supply to the pulmonary arterial vasa vasorum in sheep, they 
concluded that the effect of the higher Po 2 of the vasa vasorum explains the 
relative insensitivity of pulmonary arteries to their own luminal Po 2 in vivo. Data 
such as those in Figure IB in isolated lungs and observations on reactivity in 
different sized isolated pulmonary arteries (5, 59) suggest that the systemic 
arterial supply to the vessel wall is not the only reason for the vessel size 
dependence. Heterogeneity in the population of smooth muscle cell phenotypes 
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probably contributes as well, as suggested by the observations of Archer et al. (5) 
that the vessel size dependence in hypoxia reactivity of isolated pulmonary 
arterial rings was correlated with the relative distributions of three electro- 
physiologically distinct smooth muscle cell phenotypes. 



A 
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Figure 1. A: X-ray angiographic images of pulmonary arteries in a pump perfused dog lung 
obtained during the control condition (alveolar Po 2 * 106 Torr) and during hypoxia (alveolar Po 2 
b 36 Torr) or during infusion of serotonin at a rate producing about the same increase in perfusion 
pressure as during hypoxia. During serotonin infusion, vessels throughout the observable size 
range are narrower than their respective control diameters. During hypoxia the smallest vessels 
are narrower than in the control image. Whereas, the largest vessels have been distended. B: The 
percent changes in arterial diameter produced by hypoxia or serotonin infusion obtained from 
experiments of the type producing the images in A. Again the smaller vessels narrowed in 
response to hypoxia. Whereas, when serotonin was infused, the vessels were narrowed throughout 
the size range studied. The average increase in perfusion pressure in these constant flow 
experiments was from a control pressure of about 7 to -16 mmHg with both hypoxia and 
serotonin infusion. The dashed line labeled “Passive Distension” indicates the increase in 
diameter occurring with the same increase in pressure produced by increasing venous pressure 
instead of by vasoconstriction. It demonstrates that all vessels in the size range studied were 
activated by hypoxia even though some did not narrow and were actually distended by the 
increase in pressure (Modified from Ref. 3) 



As indicated in other chapters, pulmonary arterial smooth muscle cells have 
become the model system for studying the mechanisms of HPV. However, 
normal pulmonary arteries smaller than about 1 00 pm in diameter, which have 
few if any smooth muscle cells, constrict in response to hypoxia as well as the 
larger vessels from which smooth muscle cells are normally harvested (37, 92). 
In fact, it may be that the smaller “non-muscular” but hypoxia sensitive vessels 
actually have more influence on local blood flow control than the larger vessels 
from which muscle cells are usually isolated (3). 
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As indicated above, the location of the flow diverting vessels upstream from 
the most relevant stimulus has been difficult to reconcile with a complete theory 
that includes the anatomical, gas transport, and cell signaling factors involved. 
In addition, the upstream site of action may have been important in guiding the 
evolution of modulating mechanisms. Several adaptations of the experiment for 
dissociating alveolar and vascular hypoxia (15, 19) have confirmed that alveolar 
hypoxia is the most effective stimulus, but they have revealed that pulmonary 
arterial hypoxia can contribute as well (15, 40). Using a version of that 
experiment, Hyman et al. (40) isolated the perfusion to a lobar artery of the cat 
lung so that they could independently control lobar arterial and alveolar P0 2 in 
vivo. When they maintained a constant lobar venous Po 2 (an approximation of, 
or a lower bound on alveolar Po 2 ) of about 92 Torr while perfusing the lobe with 
a constant flow ofblood with varying lobar arterial Po 2 , they obtained the results 
presented in Figure 2, wherein the pulmonary artery pressure began to rise when 
the lobar arterial Po 2 was decreased through the range including what might be 
considered normal mixed venous Po 2 . 




Lobar Arterial P0 2 (Torr) 



Figure 2. The lobar arterial pressure response to decreasing lobar arterial Po 2 in the left lower 
lobe of a cat lung perfused with constant flow in situ. The lobar venous Po 2 (as an approximation 
of lobar alveolar Po 2 ) was held constant at 92 Torr over the entire range of lobar arterial Po 2 . 
(Modified from Ref. 40). 

4. Heterogeneity in the Modulation of HPV 

HPV in response to a decrease in pulmonary arterial P0 2 raises one of the 
potential risks associated with local V/Q control based on constriction of 
pulmonary arteries in response to low P0 2 , namely, that of maintaining a low 
pulmonary vascular resistance during exercise. Part of the increase in oxygen 
consumption associated with exercise is accommodated by increased oxygen 
extraction by the working muscles, the result being a decrease in mixed venous 
P0 2 . For example, in human subjects exercising at an intensity sufficient to 
increase cardiac output to 3.3 times the resting level, the mixed venous P0 2 
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decreased from about 38 to about 25 Torr (87). Thus, the mixed venous Po 2 can 
easily fall to levels for which data such as in Figure 2 predict significant HPV. 
Studies such as those represented in Figure 2, and (19) have been carried out at 
what might be considered resting to substantially below resting pulmonary 
arterial blood flow rates. Thus, given the expectation that, as the blood flow 
increases, the mixed venous P0 2 would penetrate further into the small 
pulmonary arteries and capillaries, the results of such studies probably represent 
lower bounds on the potential influence of the decrease in mixed venous P0 2 
during exercise. Thus, it would appear that the complex modulation of the 
hypoxic response might be directed, at least in part, at preventing its potentially 
pulmonary hypertensive effects during exercise. In fact, exercise has been found 
to result in pulmonary vasoconstriction after NO synthase and P-adrenergic 
receptor blockade in sheep (47). 




Control Diameter (|im) 



Figure 3. The change in arterial diameter for vessels of a given normoxic “Control Diameter” that 
resulted from increasing blood flow into the left lower lobar artery of the ferret lung while 
maintaining constant vascular pressure, The 3 study conditions were “Normoxia” (alveolar Po 2 
* 120 Torr), “Hypoxia” (56 Torr), and “Hypoxia+L-NAME.” The high flow was 4 times the low 
flow. Under normoxic conditions, increasing the flow had little effect on the vessel diameters as 
would be expected given the vessels low tone under normoxic conditions. During hypoxia the 
constricted vessels dilated when the flow was increased. The smaller vessels dilated the most as 
would be expected given that they were the most constricted as in the Figure 1 A example. During 
hypoxia with L-NAME, increasing flow had no effect on the diameters even though the vessels 
were constricted. Thus, the L-NAME interfered with the flow-induced dilation of the hypoxia 
constricted vessels. (Modified from Ref. 12). 



Increased pulmonary flow has resulted in release of NO (31, 71) or 
prostacyclin (15, 89), and both of these vasodilators are apparently involved in 
modulating the hypoxic response even under what might be considered resting 
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conditions as demonstrated by the enhancement of HPV after inhibition of their 
production (8,55,68). Increased lung NO output is observed during exercise (13, 
73), although it is not clear that the pulmonary arterial endothelium makes a 
significant contribution to exhaled NO. In addition, Figure 3 shows that the 
hypoxic response can be attenuated by increased flow in ferret lungs and that the 
effect is eliminated by treatment with an NO synthase inhibitor. Thus, the 
argument can be made that the attenuation of HPV by vasodilator mechanisms 
called into play by mechanical stresses on the vessel walls (12) and/or blood (85) 
allows cardiac output to increase during exercise without overloading the right 
ventricle. 

An interesting twist on this concept is provided by a study from Henderson 
et al. (36), wherein they compared the pulmonary arterial pressure response to 
exercise and hypoxia between two strains of rats one designated as having low 
exercise capacity, LCR, and the other high exercise capacity, HCR. They 
observed that the elevation in pulmonary arterial pressure with hypoxia during 
exercise in the LCR, was absent in the HCR, even though the HCR had higher 
cardiac output, and they noted the potential advantage that the attenuated HPV 
might afford the HCR. There is also evidence that exercise training can enhance 
endothelium-dependent (and presumably shear stress mediated) pulmonary 
vasodilation (44), which might suggest an adaptation that would enhance the 
ability of the pulmonary arteries to avoid HPV during exercise. 

While shear stress, x, modulation may serve to limit HPV during exercise or 
global hypoxia, it may serve to enhance the HPV response to localized hypoxia. 
This may be appreciated as follows. One common experimental approach for 
studying HPV is to perfuse lungs with constant flow and measure the changes in 
perfusion pressure in response to decreased inspired P0 2 . Then, the effects of 
hypoxia on the diameters, D, of hypoxia-sensitive vessels are deduced. This 
experimental design is consistent with the fact that pulmonary blood flow is 
normally determined by the cardiac output independently ofpulmonary vascular 
resistance. Thus, in this experimental design, as with low inspired P0 2 in vivo, 
HPV results in a rise in the shear stress on the walls of the constricted vessels. 
Using relationships for Poiseuille flow to make the point, the resistance, R, of a 
vessel is proportional toD' 1/4 , and wall shear stress is proportional to D' m . Thus, 
the fractional increase in wall shear stress, (x h -x n )/x n) for a given fractional 
increase in vascular resistance, (R h -R n )/R n> would be: 

(x h -x n )/x n = (l+((/? h -R n )//? n )r-l 

where the subscripted h and n refer to the hypoxic and normoxic conditions, 
respectively. For example, a 100% increase, or doubling, of the resistance in a 
vessel would result in a 68% increase in wall shear stress. This experimental 
design does not reproduce what happens in the case of hypoventilation of a small 
region in the lungs, wherein the flow is dependent primarily on local resistance 
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at any given cardiac output. In this case, the effect of the local alveolar hypoxia 
and HPV is to decrease the flow with virtually no change in the pressure at the 
regional arterial inlet. In that case, the shear stress on the walls of the constricted 
vessels decreases. For constant pressure driving the flow through the region, the 
fractional decrease in wall shear stress for a given fractional increase in vascular 
resistance would be: 

(T„ -T h )/T„ = (l +((/?„-*„)/ R n )y' ,A ~ 1 

e.g., a 100% increase in resistance would result in a 16% decrease in shear stress. 
Therefore, in the case of regional hypoxia, if the region is small enough, the 
stimulus for shear stress stimulated vasodilation decreases, releasing the HPV 
from shear stress dependent inhibitory modulation. As the hypoxic region 
becomes a larger fraction of the lung, the decrease in vessel wall shear stress 
within the region becomes smaller and then increases. Thus, in a sense the 
vessels within a hypoxic region of the lungs receive an integrated message 
regarding the number and/or extent of constriction of vessels within the hypoxic 
region(s), which is transmitted via the shear stress on the vessel walls (82). As 
the size of the hypoxic region increases, flow-diverting effectiveness of HPV 
decreases simply because the pulmonary arterial pressure begins to rise (63), but, 
in addition, shear stress activated modulation begins to attenuate the HPV. 

Modulation of the hypoxic response has been revealed by the fact that 
inhibition of several vasodilator pathways (e.g., mediated by arachidonate 
metabolites, NO, and purine nucleotides) (8, 15, 51, 68, 85, 93) can potentiate 
hypoxic vasoconstriction under various experimental conditions. The hypoxic 
response has also been attenuated by inhibiting production of, or receptors for, 
various vasoconstrictors (5HT, histamine, endothelin, arachidonate metabolites, 
etc.), none of which is presently thought to be the mediator of the hypoxic 
response per se (15, 35, 45, 57). The role of endothelin receptor stimulation is 
probably the most timely in this context and is discussed elsewhere in this book. 
In isolated lung experiments, including or excluding various blood components 
has had dramatic although not always clearly explainable effects (9, 32, 64). 
Variations even within a species (49, 61) may be due to variability in the 
modulating (78) as well as in the mediating mechanisms. Thus, some of the 
heterogeneity and apparently contradictory responses observed in different 
preparations probably reflect the fact that the relative contributions of all these 
influences, known and unknown, are difficult to control or to control for. 

Additional complexity is implied by the fact that, for the most extensively 
studied mechanical stress activated vasodilatory mechanisms involving NO or 
prostacyclin, both are potentially affected not only by the mechanical 
consequences of the constriction but also by hypoxia itself. In normoxia, NOS 
inhibition tends to produce small increases in pulmonary vascular resistance (68). 
However, NOS inhibition has typically produced substantial increases in HPV 
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(8, 68). The latter might be interpreted as suggesting that basal NO production 
attenuates HPV or that hypoxia increases either the production or effectiveness 
of NO. However, the endothelial NO synthase K m for oxygen has been reported 
to be close enough to physiologically relevant P0 2 levels that hypoxia itself 
would be expected to directly depress NO production (42, 77). Suppression of 
NO production by hypoxia in whole lungs has been observed (54, 69), although 
the extent that this effect can be extrapolated to the small fraction of the tissue 
comprised of hypoxia responsive vessels and their endothelium is not clear. 
Hypoxia has also inhibited the uptake of the NO precursor L-arginine by 
pulmonary arterial endothelial cells (10). 

There are parallels between the effects of NOS inhibition and cyclooxygenase 
inhibition on HPV. Cyclooxygenase inhibition also potentiates the hypoxic 
response, presumably by inhibiting prostacyclin production (15). In addition, the 
K m of cyclooxygenases for oxygen are in the same range as that of NOS (46), 
suggesting that the direct effect of hypoxia would be to decrease prostacyclin 
production. However, acute hypoxia has both decreased (60) and increased (70) 
pulmonary arterial endothelial cell prostacyclin production. 

These modulating influences are more or less autocoidal in nature. More 
remote modulation is not as clear. Investigations into reflex modulation of 
hypoxic vasoconstriction have come to mixed conclusions suggesting that it can 
occur (84), but is perhaps not a normally dominant influence (56, 58). The extent 
to which that might change under various conditions, e.g., exercise and/or high 
altitude exposure, may warrant further examination (21, 47). 

5. Hypoxic Pulmonary Vasoconstriction Heterogeneity and 
High Altitude Pulmonary Edema 

HPV is thought to play an important role in high altitude pulmonary edema 
(HAPE) (39) and the heterogeneity in susceptibility among individuals has been 
attributed to variability in the intensity of the hypoxic response. Several studies 
of individuals classified as HAPE susceptible (HAPE-S) on the basis of a 
previous incident of HAPE, and of individuals with similar high altitude 
exposure histories but without HAPE incident, have identified a correlation 
between the elevation in pulmonary artery pressure during an acute episode of 
hypoxia and HAPE susceptibility (49, 61). Thus, it is generally assumed that a 
particularly vigorous hypoxic vasoconstrictor response is a risk factor for HAPE, 
and that HPV is an important component of the mechanism of HAPE. The latter 
is also supported by the efficacy of pulmonary vasodilators in HAPE (4, 30, 81). 

Another kind of heterogeneity considered a possible contributor to HAPE is 
heterogeneity in the hypoxic response among the parallel vessels throughout the 
lungs (39). Although low inspired Po 2 is often thought to decrease perfusion 
heterogeneity by reducing the gravity dependent perfusion gradient (15), the 




25 



vertical gradient is only one contributor to the overall perfusion heterogeneity in 
the lung, and perhaps less dominant than once thought (26). In fact, hypoxia 
increased the heterogeneity of the flow distribution measured with high- 
resolution topographical mapping in the dog lung (62), and hypoxia has 
generally increased the coefficient of variation of pulmonary vascular transit 
times (14). One could imagine that it would take a rather complicated control 
system to produce a uniformly distributed increase in vascular resistance among 
parallel vessels given even a small degree of heterogeneity in the distribution of 
normoxic diameters, and wall thicknesses and composition. In studies such as 
those represented by Figures 1 and 2, the fractional changes in vessel diameters 
even with a uniform decrease in P0 2 have been quite heterogeneous (3, 83). With 
regard to FIAPE, the concept is that these heterogeneities, combined with the 
moderate to intense muscular exertion that usually accompanies hypoxia in 
FIAPE, result in regions of excessive perfusion that are subject to mechanically- 
induced vascular injury and edema (39). 

The heterogeneous perfusion hypothesis is not universally accepted (53), and 
excessive pulmonary venous constriction during hypoxia has been considered as 
an alternative (61). The measurements of pulmonary arterial occlusion (wedge) 
pressure obtained during FIAPE have been normal. Thus, explanations for FIAPE 
have tended to disregard elevated pulmonary capillary pressure as a primary 
event. Flowever, Naeije et al. (61) found evidence for hypoxia induced 
pulmonary venous constriction in F1APE-S subjects during a sojourn at 4559 m. 
They confirmed, using pulmonary arterial catheterization, that the F1APE-S 
individuals had a greater pulmonary arterial pressure response to hypoxia 
without elevated wedge pressures, but when they applied an analysis of the 
transient phase of the pulmonary arterial occlusion pressure data that provides 
an estimate of pulmonary capillary pressure, they found that the pulmonary 
capillary pressure was elevated in the F1APE-S. In other words, pulmonary 
venous resistance was increased during hypoxia in the FIAPE-S. Thus, while 
pulmonary venous constriction is not normally considered to be a major 
component of FIPV, heterogeneity in its contribution among individuals might 
help explain some of the heterogeneity in FIAPE susceptibility. 

There is no reason at present to think of these heterogeneities as mutually 
exclusive, and heterogeneity in modulation of FIPV might be superimposed on 
other explanations for FIAPE susceptibility. Eldridge et al. (22) compared 
FIAPE-S and control subjects at sea level and 3810-m altitude. Their FIAPE-S 
group did not have a greater pulmonary arterial pressure response to hypoxia, but 
rather a greater increase in pulmonary artery pressure in response to exercise at 
both altitudes. They suggested flow dependent vasoconstriction in the FIAPE-S 
group as a possible explanation. Flowever, their results would also appear to be 
consistent with the possibility that mechanical stress evoked attenuation of FIPV 
may be less active in FIAPE-S individuals. Lower exhaled NO excretion during 
hypoxia in FIAPE-S individuals (11, 20), and an association between two 
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particular NOS polymorphisms and HAPE-S (17) have been observed, although, 
the functional implications of the latter have not yet been determined. As an 
alternative to, or in concert with, a lower production of attenuators of the 
hypoxic response in HAPE-S, augmentation of HPV by modulators such as 
endothelin-1 may (79) or may not (18) be involved. Thus, there is at least a 
suspicion that heterogeneity in the modulation of HPV contributes to the 
heterogeneity in HAPE susceptibility among individuals. 

6. Additional Heterogeneities 

The flow diverting effectiveness of HPV may depend not only on some of the 
factors indicated above, but also on the cause of the poor ventilation. For 
example, in pneumonia, both the host and pathogen mediated inflammatory 
response would be expected to affect local HPV and/or its modulation (6, 41, 
91). In addition, the extent to which the arteries serving the region are 
mechanically influenced by the alteration in local lung mechanics responsible for 
the local hypoventilation may have an effect as a consequence ofway the vessels 
are imbedded within the lung parenchyma. Pulmonary vessels have been 
categorized as alveolar and extra-alveolar vessels. The designation is based on 
how they are affected by lung inflation. Due to interdependence between the 
vessel walls and surrounding parenchyma, lung inflation distends extra-alveolar 
vessels, which include the larger intrapulmonary arteries. Thus, an increase in 
lung volume would oppose extra-alveolar vessel HPV (15). The alveolar vessels 
include the capillaries within the alveolar septa that stretch and narrow as the 
alveolar wall circumference increases with inflation. Thus, an increase in volume 
would augment alveolar vessel HPV. The small hypoxia responsive arteries are 
located close to or within the transition region between the larger extra-alveolar 
arteries and the smaller alveolar capillaries. The extent to which these vessels 
behave more like extra-alveolar or alveolar vessels may determine the extent to 
which local distortions of the lung parenchyma will augment or oppose the HPV 
(15), and there are species variations, with hypoxia responsive vessels being 
mainly extra-alveolar in the dog (15), rat (7), and ferret (15, 86), but more 
alveolar in the sheep and pig (15, 86). In the rat at least, the growth of vascular 
smooth muscle into smaller vessels, that occurs during chronic hypoxia (50), is 
accompanied by a transition in the behavior of the hypoxic response from that 
indicative of an extra-alveolar site of action to that of an alveolar site of action 
(7). In addition, in any region in which the alveoli are disconnected from the 
flow of tracheal air, such as in a region of atelectasis or behind an obstructed 
airway, the vessels within the region are subject to the forces transmitted through 
the surrounding parenchyma in a manner similar to the interdependence affecting 
the extra-alveolar vessels. Thus, the extent to which the hypoxia responsive 
vessels are subjected to these forces will impact on the extent to which HPV is 
effective in reducing regional flow (15). 
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Between-species heterogeneities (72) in the intensity of HPV are difficult to 
evaluate at least in part because the modulation of the hypoxic response may 
vary among species depending on the preparation used in the study. For example 
in isolated lung experiments the dog came out as a poorly responding species 
(72), whereas in situ dog lungs responded well to hypoxia (62, 63), much like 
isolated dog lungs treated with cyclooxygenase inhibitors (3, 15). One between 
species heterogeneity that has a teleological rationale is the correlation between 
the effectiveness of the response and the extent of collateral ventilation, which 
holds for several species studied (33). The rationale is that the presence of 
collateral ventilation, which would tend to diminish the impact of small airway 
obstruction on local ventilation, would also decrease the importance of F1PV as 
a means of controlling V/Q mismatch. 

It may be surprising that, given the importance of HPV in the fetus, the 
intensity of HPV typically increases with post-natal age (24, 76). This may be at 
least partly because the transition from fetal to neonatal circulation, in which 
increased pulmonary blood flow is a key element, involves mechanisms that 
attenuate HPV (1, 28, 38, 51). Postnatal development also involves extension of 
smooth muscle into smaller arteries (67), in keeping with a transition of the 
hypoxic response from that providing the tone required to keep the flow to the 
lungs low during the globally and normally low lung oxygen levels before birth 
to that providing local control of blood flow in the air breathing lung. HPV has 
been found to be both more (22) and less intense (65) than normal in lungs from 
mature animals chronically exposed to hypoxia, and the functional implications 
are not entirely obvious either way. 

These and other heterogeneities certainly add complexity to the problem of 
understanding the physiological and pathophysiological implications ofHPV. In 
so doing they help to make the pursuit of that understanding challenging and 
exciting, as reflected in the many ingenious approaches that have been applied 
to the problem, only a very few of which could be represented in the available 
space. 
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The editor notes with sadness the passing of Dr. Christopher Dawson, an 
extraordinary mentor for young investigators and an eminent scientist in the 
field of pulmonary physiology, and was very grateful that this book contains one 
of his last works on the heterogeneity of hypoxic pulmonary vasoconstriction. 
His presence in the scientific community will be sorely missed. 
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Christopher A. Dawson, Ph.D., Professor and 
eminent research scientist died suddenly and 
unexpectedly on July 12, 2003 at his office. He is 
recognized as an inspirational mentor, model 
researcher and has had a profound influence as a 
teacher and faculty leader at the Medical College of 
Wisconsin. Dr. Dawson was bom in 1942 in Long 
Beach, California and received his Ph.D. degree 
from the University of California, Santa Barbara in 
1969. As a Professor of Physiology and Medicine 
at the Medical College of Wisconsin and at 
Marquette University, he was recognized as one of 
the world experts in the pulmonary circulation. As 
documented by more than 200 original research 
publications and 22 invited reviews and book 
chapters, he and his associates pioneered many 
novel technologies that revealed important functions of the lung that were 
previously unknown. He served as an Associate Editor of the major research 
journals in his field, Journal of Applied Physiology and American Journal of 
Physiology. His scholarly and multifaceted works were supported continuously 
since 1971 by the Department of Veterans Affairs and the National Institutes of 
Health. Among his many noteworthy discoveries was that the lining of the blood 
vessels in the lungs contribute critically to the regulation of hormones that 
modify pulmonary blood flow. He also was instrumental in the first studies to 
show that isolated small pulmonary arteries contracted and depolarized to 
hypoxia. His most recent studies using X-ray imaging of the pulmonary 
circulation have led to a new understanding of how multiple generations of the 
pulmonary vasculature function under normal and pathological conditions. 

His quiet and humble manner, exacting scientific standards and selfless 
encouragement of other researchers made him a highly sought source of sound 
advice. Dr. Dawson collaborated closely with a number of bioengineers, 
physicians, and basic science investigators at Marquette University, the Medical 
College of Wisconsin, the Zablocki Veterans Hospital, the Froedtert Lutheran 
Memorial Hospital and the Children’s Hospital of Southeast Wisconsin. For his 
internationally recognized contributions to lung research, Dr. Dawson was given 
the Medical Career Scientist Award by the Department of Veterans Affairs in 
1999, and in the same year he received the Distinguished Service Award by the 
Medical College of Wisconsin. 

Dr. Dawson is survived by his wife Michal Ann, his daughter Marcey Kay 
and her husband Keith Gulley and their son Dawson Gulley; his son Brian 
Christopher and wife Cecilia and their daughter Kana Rose; his mother Elvira 
and father Alfred and his brother Mark and wife Rebecca. 




Christopher A. Dawson. Ph.D. 




Chapter 3 

The Physics of Hypoxic Pulmonary Hypertension and 
Its Connection with Gene Actions 



Yuan-Cheng Fung and Wei Huang 
University of California, San Diego, La Jolla, U.S.A. 



1. Introduction 

Blood pressure is a physical quantity. Blood pressure and flow obey the laws 
ofphysics. Hypoxic pulmonary hypertension (HPH) is aphenomenon caused by 
the reaction of the cells of the lung to hypoxia. The total reaction involves the 
pumping of the heart, the actions of the genes, and a unique set of changes in the 
cells, cell membranes, and ion channels in the pulmonary vascular smooth 
muscle cells. Other chapters of this book present important advances in the 
understanding of Ca 2+ distribution, ion channels, endothelium, 0 2 sensing, and 
pathology. In this chapter we consider the physics of HPH and the connection 
between the changes in vascular tissues with the actions of the genes. The 
following aspects will be discussed: the physical laws obeyed by the blood and 
blood vessels, the physical system of HPH, the role of microcirculation in HPH, 
the role of pulmonary veins, the meaning of the blood pressure-time history 
records according to physics, the handling of the blood pressure-time history 
records for medicine, the physiological changes of the vasculature including the 
changes of anatomical dimensions, the histological and mechanical properties of 
the lung in HPH, and the correlation of the activity of the genes with the 
physiological changes. Overall, we show the simplicity and rigor of physical 
views which are inseparable from the molecular and chemical views. 

2. The Physical Laws Obeyed by the Blood and Blood Vessels 

The physical laws of conservation of mass and energy, the first and second 
laws of thermodynamics, and the Newton’s laws are universally accepted. 
Quantuum mechanics, relativity theory, and the concept of an array of genes in 
the chromosomes for heredity burst onto the scientific stage almost 
simultaneously about a century ago. In physics, there are two major activities. 
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One is to show that a minimal set of basic laws exist that are necessary and 
sufficient to explain everything observable. The other activity is to show that all 
observable events are solutions of boundary- value problems based on the basic 
laws. Use ofsuch a physical approach often simplifies scientific investigations. 
The study of HPH should be no exception. 

Since the lung contains a huge number ofparticles (atoms, molecules), it may 
be considered as a continuum. The concept of a continuum was introduced into 
mechanics a long time ago to simplify the application of basic laws (8, 15). By 
stating that a matter is a continuum means that the particles involved can be 
identified as isomorphic with the real number system in mathematics. Thus the 
molecules in our body are considered to be as densely distributed as the real 
numbers. 

Classical continuum mechanics has been applied to the problems of 
pulmonary physiology in the last 30-40 years. In classical continuum mechanics, 
a set ofuniversally accepted hypotheses is proposed. These hypotheses are called 
axioms. Axioms and boundary conditions define specific problems for 
investigation. 

The axioms of the classical continuum mechanics are listed in Table 1. This 
includes the laws of conservation of mass and energy, the Newton’s laws of 
motion, the immutable constitutive equations of the materials, the invariability 
ofthe zero-stress state ofsolids, the constancy ofmechanical properties ofsolids, 
and the constancy of material composition of solids. Classically, these were 
considered as universal truth. Much of our modem civilization was developed 
on the basis of these axioms. Airplanes, ships, telescopes, microscopes, artificial 
heart valves, and kidney dialysis machines were designed on the basis of these 
classical axioms. 

Table 1. Axioms in Classical Mechanics and Biomechanics 

Classical Mechanics Biomechanics 

Conservation of mass Conservation of atom, not molecules 

Newton’s law Newton’s law 

Conservation of kinetic + potential energy Sum of all energy categories conserved 

Zero-stress state is invariable Zero-stress state remodels 

Constancy of mechanical properties Mechanical properties remodels 

Constancy of material composition Chemical composition remodels 



With the advancement of biomechanics, the truth of the axioms of classical 
continuum mechanics began to be doubted. When the problems of 
atherosclerosis and hypoxic pulmonary hypertension came into focus, a 
revolution in the system of axioms of mechanics became inevitable. Some ofthe 
reasons will be explained in detail in Section 8 infra. In fact, it appears that a 
new system of axioms has to be introduced to replace the old system in 
biomechanics. Our new system is listed in the right-hand column of Table 1 (10). 
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In this system, the atoms are conserved, but the molecules are not. The molecular 
composition may change with time. The zero-stress state of the solid part can 
change, and the mechanical properties ofthe solids may change with time. Thus, 
the study of HPH is indeed a major fundamental event that will change the 
course of biomechanics. 

3. The Physical System of Hypoxic Pulmonary Hypertension 

In a steady flow, a blood pressure drop equals the product of blood flow and 
resistance. To predict blood pressure, we must assess flow and resistance. For 
flow, we must know the heart and peripheral circulation. For resistance, we must 
know the geometry, elasticity, stress, strain, length and tension of the smooth 
muscle cells in every vessel in the circuit. This calls for a tremendous amount of 
macroscopic, microscopic, and nanoscale information. How well stocked are we 
with regal'd to the needed information? What pieces of information are missing? 
What steps can be taken to get every needed piece of information? 

Consider a specific question: A person is flown to a high ski resort and left 
there, how would his/her pulmonary arterial blood pressure rise and how would 
his/her pulmonary blood vessels remodel? To answer, we need information on 
the structures, materials and dimensions of the pulmonary vascular tree, the 
mechanical properties of the smooth muscles and other tissues in the blood 
vessels, the tissue and cell remodeling process, as well as the behavior of the 
heart and systemic circulation under the circumstances. To solve the total 
problem, one must begin with morphometry. Weibel (26) published a fairly 
complete set of morphometric data on human pulmonary airways and arteries 
based on a bifurcation theory. 

Cumming et al. (5) published then - morphometric data on human pulmonary 
arteries on the basis ofStrahler’s theory which was originally used in geography. 
In later studies, Fung and his associates found it desirable to sharpen the 
definition of the generation changes in Strahlcr system by a simple formula 
based on the statistical distribution of the diameters of the blood vessels (9). 
Their system is called the diameter-defined Strahler system. Newer data on the 
moiphometry of pulmonary arteries and veins ofthe cat, rat, dog, and human by 
Sobin, Fung, Yen, Jiang, Huang, and their associates are all organized according 
to the diameter-defined Strahler system (9, 22). Without morphometric data, no 
genuine physical analysis of pulmonary circulation can be done. The lack of 
progress in the morphometric department is alarming. At present, data on the 
effects of age, sex, race, body weight, health state, and disease states of the 
patients on their morphometries of the pulmonary arteries and veins are 
unavailable. In the past, the required workload may have been daunting. But the 
fantastic progress in imaging and computing should have relieved the labor. We 
believe that a systematic supercomputer approach will initiate a renaissance of 
morphometry. 
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The next important job is to assess the mechanical properties of the blood 
vessels and the moduli of elasticity and viscoelasticity. Blood vessel materials 
are not isotropic, and not homogeneous. Hence it is necessary to assess the 
viscoelasticity of the different pails of the vasculature, in different directions, and 
in static and dynamic processes. Since the 1970’s, a large amount of work has 
been done on this subject by many people (1). But as in the case of 
morphometry, there does not exist a set of mechanical properties data which list 
the effects of age, sex, race, body weight, health state, and disease states. Again, 
new imaging and computing technology should help. 

With new data coming, we must make a complete computing program to 
analyze and synthesize the total system. With the change of axioms indicated in 
Table 1, new programs can be written for practical applications. 

4. The Role of Microcirculation in Hypoxic Pulmonary 
Hypertension 

The role of the capillary blood vessels of the lung in HPH is to reduce the 
resistance to flow in pulmonary microcirculation. The reason that these vessels 
can do it is because of their geometry. When the pulmonary capillary blood 
vessels ofcat were photographed on face, they appeared as shown in Figure 1 A. 
When these capillary vessels were photographed in cross section, they appeal - as 
shown in Figure IB. From these photographs one sees that the capillaries form 
sheets of blood space that are about 5 to 10 pm thick, 200 to many 1000 pm 
wide. In the on-face view, the blood space is interrupted by more or less 
uniformly spaced roundish obstructions which are called posts (Fig. IB). Fung 
and Sobin (12-14) called the geometry ofpulmonary capillaries a sheet model, 
which consists of two thin membranes separated by posts which are about 3 pm 
in diameters. The thickness of the blood sheet space is a function of the capillary 
blood pressure. Experimental results of the sheet thickness versus the transmural 
pressure of the cat lung are shown in Figure 1C. The transmural pressure Ap is 
the difference ofcapillary blood pressure minus the alveolar gas pressure. When 
Ap is negative, the thickness is zero. When Ap is slightly positive the thickness 
jumps to 4.5 pm. The thickness increases linearly with increasing positive Ap 
until Ap reaches about 30 cm H 2 0. For larger Ap, the rate of increase of sheet 
thickness decreases. 

With the geometry and mechanical properties shown in Figure 1, the flow in 
the pulmonary capillaries as seen by a red blood cell might be said to be like a 
car moving in an underground parking garage with many posts. When the blood 
pressure increases, the ceiling height increases, and the resistance to flow 
decreases. The resistance ofthe pulmonary microcirculation is transferred to the 
pulmonary arteries and veins. 
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Figure 1. A plan perspective view (A) and a cross-sectional view (B) of the capillary blood 
vessels in the interalveolar septa of a cat lung (reprinted from Ref. 12). C: The variation of the 
thickness of a pulmonary alveolar sheet with the transmural pressure (Modified from Ref. 13). 



5. The Role of Pulmonary Veins 

The resistance to blood flow offered by pulmonary veins to the pulmonary 
circulation is far more important than the resistances to flow offered by 
peripheral veins to peripheral circulation. If the pressure drop from the largest 
artery to the smallest arterioles is compared with the drop in the capillaries and 
veins, we obtain the results shown in Table 2. It is seen that in the normal lung, 
we may expect that the pressure drop in the pulmonary veins be larger than that 
in the pulmonary arteries. If we assume that the vascular smooth muscles in 
pulmonary arteries and veins are similar, that their contractile mechanism, their 
chemistry, Ca 2+ roles, and ion channels are similar, then the pulmonary veins are 
equally effective as the arteries in producing pulmonary arterial hypertension in 
hypoxia. The veins exert a powerful remote control on the arteries. The veins, 
by their contraction, can reduce the resistance of the pulmonary capillaries to 
blood flow, and increase the pressure in the pulmonary arteries. In the future, we 
should pay as much attention to the pulmonary venous smooth muscle (PVSM ) 
as to the pulmonary arterial smooth muscle (PASM). 
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Table 2. Distribution of Pressure Drops in Pulmonary Blood Vessels of the Cat and Comparison 



with Data on the Dog in the Literature 







Arteries 


Capillaries 


Veins 




Pattern 1 (Fung, 1996), cat 


35.9% 


15.4% 


48.7% 




Pattern 2 (Fung, 1996), cat 


29.3% 


21.9% 


48.8% 


Pulmonary 


Brody et al. (1968), dog 


46% 


34% 


20% 




Hakim et al. ( 1 982) , dog 


40.2% 


15.6% 


44.2% 


Mesentery 


Fronek, Zweifach (1974), cat 


73% 


8% 


19% 


Skeletal Muscle 


Fronek, Zweifach (1974), cat 


65% 


16% 


19% 



6. How to Read the Blood Pressure - Time History Records 
According to Physics 



Some records ofblood pressure-time history are given in Figure 2. We have 
two questions: how to understand these curves, and how to use them. These are 
discussed in the current and following sections. 

According to physics, we can write down a partial differential equation to 
describe the motion of a fluid. This equation is known as the Navier -Stokes 
equation (one vector equation, 3 equations in components). Originally intended 
for applications to the flow of fluids like air and water (Newtonian fluids), the 
Navier-Stokes equation has been extended to the treatment ofblood flow, with 
blood rheology taken into consideration (3, 7, 9, 23). The boundary conditions 
ofblood flow are those imposed by blood vessels and the heart. There are solid 
bodies. The vectorial partial differential equation that describes the motion of 
elastic solids is called Navier’ s equation. Originally used to treat solids like steel, 
the Navier’ s equation has been extended to treat blood vessels, with full vascular 
rheology taken into consideration (1,7, 9). 



A 



B 





Figure 2. A: A record of the pulmonary arterial blood pressure of a rat subjected to step lowering 
of oxygen concentration in breathing gas. B: Typical mean trend of the blood pressure and its 
best-fit formula f(t) (reprinted from Ref. 20). As it is explained in the ref., the IMF method, means 
of various orders can be defined rigorously, the one’s with the higher order has fewer zero 
crossings. In this figure, the order of the mean is 12. 
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When nonlinear rheology and convective acceleration (acceleration 
originated by moving a particle in a nonuniform velocity field) are considered, 
both the Navier-Stokes and the Navier’ s equations are nonlinear. These nonlinear 
equations have few exact solutions. If we wish to read the blood pressure history 
illustrated in Figure 2 according to physics, we do not have the exact solutions 
to help us. 

Without exact solutions of the full equations, are there exact solutions for 
simplified cases? The answer is, fortunately, yes. One important simplified case 
is the Poiseuille flow which assumes that the blood vessel is a circular cylindrical 
tube of uniform cross section with fixed, nonvarying inner wall (endothelium) 
of radius a, that the blood pressure, p, is fixed at the ends of a vessel of finite 
length, L, and that the velocity is zero on the wall. Then the pressure gradient is 
constant, the flow is steady, the velocity profile in the tube is parabolic, the shear 
strain gradient and the shear stress of the blood on the wall are constant, and the 
flow rate is governed by a formula frequently quoted in this book: pressure 
gradient = flow x resistance. Flow is the movement of volume per unit time 
across any cross section. Pressure gradient is the difference of the pressure at the 
ends divided by L. Under the simplifying assumptions named above, the 
resistance, R , is equal to: 

R = (8/n) x (coefficient of viscosity) x (vessel length) x (radius of tube)' 4 

The minus 4th power of the radius in this formula speaks for the significance of 
the change of the radius of the blood vessel on the arterial blood pressure. For 
example, a 10% reduction in radius would cause a 34.4% increase in resistance. 
It is this formula that laid the responsibility of hypoxic hypertension in 
pulmonary arteries on the contraction of the smooth muscle. 

The second important simplified case is that of wave propagation of a 
nonviscous fluid in an elastic tube. The simplifying assumptions are that the tube 
is linearly elastic and cylindrical, the convective acceleration can be neglected, 
and that the viscosity effect is negligible. Under these assumptions the 
Navier- Stokes equations for the blood, and the Navier equations of the wall are 
linearized, and the equation of continuity (conservation of mass) becomes a 
simple equation relating the temporal rate of change of vessel cross sectional area 
to the spatial rate of change of blood flow, whereas the equation of motion is 
reduced to a linear equation between the local acceleration dutdt to the pressure 
gradient dpldx. Combining these two equations yields a wave equation whose 
solution is an arbitrary wave moving forward or backward: 

P =Pof( x - c O +Po'g(* + ct) 

u = u 0 f(x-ct)-u 0 'g(x + ct) [1] 

Here p is blood pressure, p 0 , p g \ u 0 , u 0 ' are arbitrary constants, / and g are 
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arbitrary functions of the variables x-ct and x+ct, and c is the velocity of the 
waves 



C = 



Eh 



2p(a i J rh/2) 



[ 2 ] 



in which E is the Young’s modulus of elasticity of the vessel wall, h is the 
thickness of the vessel wall, a, is its inner radius, p is the density of the blood 
(see Ref. 9, p. 144). Notice the difference in the sign ofthe last terms in Eq. [1]. 
This leads to important relations: 

Po^PCUg, p 0 '=-pcu 0 ' [3] 

These formulas say that, for a wave propagating in the direction of flow, the 
pressure rise is equal to the velocity rise multiplied by the product ofthe density 
of the blood and the speed of sound in the blood. For a wave propagating in the 
opposite direction of the flow, the pressure rise has the same magnitude but 
opposite sign. 

The Poiseuille solution takes care ofthe effect of blood viscosity in a steady 
flow. The wave solution takes care of the transient oscillation in a nonviscous 
fluid. The sum of these two solutions is not an exact solution ofthe total Navier- 
Stokes and Navier equations, because the two problems are linearized 
differently. Womersley and many other biomechanics researchers have worked 
very hard to find improved solutions (23, 24, 27, 28). Complexity can be 
expected, but the major features are given by these two simplified solutions. The 
principles are quite clear, immediate progress can be counted on with the use of 
supercomputers. 

7. How to Handle the Blood Pressure-Time History Records for 
Physiology and Medicine 

In order to relate tissue remodeling in HPH to blood pressure and flow, the 
simplified solutions discussed in the preceding section tell us to focus our 
attention on both the mean level of blood pressure and the oscillations about the 
mean. Looking at the actual recording as shown in Figure 2, we find that the task 
is not as easy as it appears. We know the signals vary with the location along the 
vascular tree. At any given point on the tree, the signals are never exactly 
periodic. Arrhythmia exists to some degree all the time at all places. 
Mathematicians call such signals nonstationary and stochastic, and a very large 
literature exists to deal with such signals. Well known methods are associated 
with names such as functional Fourier analysis, Fourier spectrum, Hilbert 
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spectrum, wavelets, IMF, etc. We found the intrinsic mode function (IMF) 
approach of Huang et al. (17) most appropriate. The practical computation can 
be done on an existing software which analyses the digital signals into intrinsic 
modes of oscillations, each mode has the character that the local oscillations 
about the modal curve has an average of zero. Each given signal has a finite 
number of modes: successive modes have fewer and fewer zero crossings; the 
last mode has no zero-crossing at all, and it represents a trend. A pulmonary 
arterial pulse pressure record typically has 8-18 intrinsic modes, with the total 
number of models depending largely on the total length of time. Each complete 
record is resolved into a complete set of intrinsic modes. Thus we can define an 
average signal, or mean signal as the sum of a certain number of last intrinsic 
modes depending on an arbitrarily chosen number of zero-crossings you may 
wish to allow. The total signal is the sum of the mean signal and a signal of 
oscillations about the mean. Figure 2 illustrates the process. Other features and 
details are given in Huang et al (18, 19). 

The advantage of the intrinsic mode approach is that we can get a much 
better understanding of the mean signals, the oscillations about the mean signals, 
and arrhythmia. Such understanding of signals will allow us to study tissue 
remodeling as a dynamic process. We would like to distinguish tissue 
remodeling in response to slowly varying mean stresses, from the remodeling of 
tissues in response to the oscillations about the mean. 



Normal 12 hrs 96 hrs 240 hrs 720 hrs 




*v*v - 









* 7 % ( 0 * 4 / 






Figure 3. Photographs of histological slides from four regions of the main left pulmonary artery 
of a normal rat and hypertensive rats with different periods of 10% 0 2 breathing (reprinted from 
Ref. 11). 
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8. The Physiological Changes in HPH: Changes in Anatomical 
Dimensions, Zero-Stress State, Chemical, Histological, and 
Mechanical Properties of the Lung in HPH 

If we want to know how blood vessels change when the blood pressure is 
raised, it is worthwhile to learn the full story: by measuring the changes from 
time zero when an increase of blood pressure occurs. Let’s use the rat for 
illustration. With a step decrease of the oxygen concentration from the normal 
sea level 20.9% to a level of 10% in the gas that a rat breathes, the pulmonary 
arterial blood pressure increases, the materials in the wall of the artery will 
change as shown in Figure 3 (11). Here the histological cross sections of the 
largest left pulmonary artery (of order 12) are shown in the first row, beginning 
with the normal state, then in a state after 2 hours of hypertension, then 12 hours, 
etc. In each panel, from top down, are the blood space, the endothelium, the 
basement membrane, the layers of vascular smooth muscle cells and elastin, and 
the adventitia. Looking at the media layer in the first row of Figure 3, we see a 
great thickening at 12 hours of hypoxia. Then the thickness decreased and finally 
stabilized. The lower rows ofFigure 3 show the morphometric and histological 
changes of the smaller pulmonary arteries of the rat. 

8.1. Zero-Stress State is not Permanent 

When the blood pressure in a blood vessel is reduced to zero (i.e., when the 
pressures inside and outside the vessel are the same), the vessel is unloaded. But 
the vessel may still have a longitudinal residual stress. When the longitudinal 
stress is released with a cross cut, the vessel shortens. Now if you cut the isolated 
vessel radially, you will see that it opens up into a sector as shown in Figure 4A. 
Further cuts will cause only unmeasurable insignificant changes. We may say 
that as a shell, the cut specimen is at a zero-stress state. The zero-stress state is 
measured by its opening angle , which is shown in Figure 4A, and defined as the 
angle between two radii, with origin at the midpoint of the endothelium and tips 
at the end of the cut endothelium. The opening angle characterizes the zero-stress 
state of the blood vessel. Further dissection of the vessel wall into an intima- 
media layer and an adventitia layer shows that these two layers may have 
different opening angles. So, in the undissected arterial wall, some minor 
residual stress remains. 

The interesting thing about the opening angle is that it changes with tissue 
remodeling. In the case of a pulmonary artery subjected to hypoxic hypertension, 
the opening angle changes with time as shown in Figure 4B. We find large 
opening angles in most curved cylindrical organs. In veins, airways, and 
intestines, opening angles are large. In round organs such as heart, the 
description of the zero-stress state is more complex. 
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We must conclude that living organs at the in vivo state have residual stress 
and residual strain, and the zero-stress state changes as the tissue remodels. 





Time, (lavs 

Figure 4. A: Definition of opening angle a, see text. B: Action of gene PIX #7122 ( pleckstrin 2 
homolog gene), vs. the change of opening angle (AO A) of the pulmonary arterial trunk vessel. 
Gene action equals to (mean of gene expression in 4 rats at a specific day/mean of gene 
expression in 4 rats at day 0)-l. The gene name and its identification number (PIX no.) are listed 
in the software GENEPIX PRO 3.0 (Axon Instruments). Symbols: small circle, o, normalized 
change of opening angle, e one SEM flag up; ♦ , normalized gene action, e one SEM flag down 
(Modified from Ref. 21). 



8.2. Morphology as a Motion Picture 

The history of the changes of the thickness of the media layer from that at 
normal condition is described by a solid curve in Figure 5A (21). Before time 
zero, the animal was in a normal stable equilibrium condition. The existence of 
such a condition in vivo is an axiom of biology. Thus, the change of media 
thickness is zero for tsO. At t>(), the media thickness increases with time. The 
corresponding change of the thickness of the adventitia layer of the pulmonary 
artery is shown in Figure 5B (21). The sum ofthe thickness ofthe intima, media, 
and adventitia layer is the thickness of the arterial wall. It is obvious that the 
thickness ofthe arterial wall changes with time in hypertension. The diameter of 
the artery also changes with time in hypertension. 

8.3. Mechanical Properties Remodel 

We measured the mechanical properties of the blood vessel material. We 
found that if we fit the experimental results with a stress-strain law, the material 
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constants a ( , a 2 , and b ( , b 2 , b 4 will vary with time. An example is shown in Figure 
5C (21), which shows the variation of the circumferential Young’s modulus of 
elasticity with time after the onset of hypertension. 
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Figure 5. A: Action of gene PIX #8713 ( inorganic pyrophosphatase gene), vs. the change of 
media thickness of pulmonary arterial trunk. B: Action of gene PIX #3759 ( osteoblast- 
specific factor 2, fasciclin I-like gene) vs. the change of adventitia thickness (H„ d ) of pulmonary 
arterial trunk. C: Action of gene PIX #44 ( dynein , cytoplasmic light polypeptide gene), vs. the 
change of Young’s modulus of elasticity of the pulmonary artery, Y„, relating circumferential 
stress and strain. Symbols: small circle, o, normalized physiological changes, a 1 SEM flag up; 
♦ , normalized gene action, e 1 SEM flag down (reprinted from Ref. 21). 



8.4. Physiological Changes 

These examples show that tissue remodeling is a set of continuing processes. 
For medical reasons, we wish to know how reversible the processes are, how 
superposable the processes are, how linear the processes are, how nonlinearity 
can be described, and how important are these nonlinearities. For scientific 
reasons, we wish to know how these processes can be explained. Can they be 
explained quantitatively in toto (including histories of all aspects of physiology) 
by the distribution of ions and functions of ion channels? What other factors 
must be brought in? 
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There exists almost a limitless list of things to be learned, of ideas to be tried, 
and of theories to be checked. Yet experimental physiology is empiricism. 
Mechanics and physics provide a unifying theme for theoretical understanding. 
How can we go beyond the empiricism and current physics and mechanics, and 
advance to the next level of understanding and development? We think the next 
level lies in the study of genes. Someday in the future, we should be able to 
deduce all the features oftissue formation and remodeling theoretically from the 
molecular mechanics of the genes. To initiate this research, we shall first show 
that the physiological changes in tissue remodeling and the actions of the genes 
are related. 

9. Correlation of Gene Actions with Physiological Changes 

To study the relationship between the action of the genes and the 
physiological changes in tissue remodeling, we used the same hypoxic 
hypertension rat model described earlier, took the arterial specimens at scheduled 
times, extracted the total RNA in each specimen. Then the mRNA was isolated, 
polymerized cDNA, colored with biotin, and prepared for hybridization, all with 
known procedures and commercial kits described in detail in Refs. 4,21, and 25. 
The genes in each of these processed specimen solutions are called probes. The 
solution of each specimen containing all the probes was used to measure gene 
expression in a microarray test equipment designed and constructed by Peck and 
his associates (4). In Peck’s array, 9,600 selected genes were deposited as targets 
on a nylon membrane in a rectangular matrix pattern. They were PCR products 
of human cDNA clones reaixayed from the IMAGE Consortium cDNA libraries 
based on the Unigene clustering (4). When the specimen solution was spread 
over the array membrane, hybridization of the probes and targets occuixed. After 
hybridization, genes on the nylon membrane were scanned by colorimetry. The 
changes of gene expression were expressed in terms of the changes of the 
intensity of color. Readings above a noise level are considered significant. The 
sum of all the significant readings is considered to be a measure of sample size. 
When several samples were taken for each set of experimental conditions, the 
sample sizes may vary. The colorimetric readings are normalized against sample 
size by dividing each reading with the sum of all significant readings of that 
sample. The normalized readings are considered as measures of gene expression. 
The ratio of the gene expression in active state divided by that of the in vivo 
state, minus one, is defined as the action of the gene. 

9.1. Matching Gene Action with Physiological Changes 

When we have the measured data on the action of the genes in the cells of the 
arteries whose tissue remodeling features were measured, we can compute the 




48 



correlation coefficients of the gene actions and the physiological changes. The 
definition of the correlation coefficients is as follows: Let y/t), j=l, 2, 3..., 
represent the history of the/th physiological feature, at a series of instants of time 
t m , m—1, 2, .... Let z k (t) be the action of the gene number k, k=l, 2, 3... at time 
t m , m-1, 2, .... Then we define the correlation coefficient by the following 
formula: 

Rfrj’Zk) = [Zy/tMU^tJ lZyf(tJAt m * Ez k 2 (tj/UJ v \ [4] 

where t m , with m=l, 2, ..., are the instants of time at which yr, z k are measured. 
Here At m are the spacing of time intervals , At m =t m+ ,-t m . 

For each physiological feature, we computed its changes from the in vivo 
value, and the correlation coefficients with the action of every gene whose 
expression reading is significant. Then we lined up the genes in a row according 
to the size of the correlation coefficient. In a row, there is the first one, we call 
it the top gene. Plotting the action of the top gene and the physiological features 
together, we obtained the curves shown in Figures 4B and 5A, B and C. 

9.2. Cause and Effect 

When two important events in life have histories that have very good 
correlation, one wonders whether they are the cause and effect of each other, 
whether they are one and the same thing. We are at the crossroad! 

10. Conclusion 

It is plausible hypothesis that what we see in changes of physiology is gene 
action provoked by physiological activity. We can anticipate a new axiomatic 
biomechanics to be linked with genomic mechanics. Final clarification of the 
gene-physiology relationship will not only open up new avenues of practical 
applications, but also define the limitations to empiricism and imagination. 
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II. ROLE OF INTRA CELLULAR Ca 2+ AND Ca 2+ 
SENSITIVITY IN 

HYPOXIC PULMONARY VASOCONSTRICTION 




Chapter 4 



Ca 2+ Sparks in Pulmonary Artery Smooth Muscle Cells: 
Implications For Hypoxic Pulmonary Vasoconstriction 



Wei-Min Zhcmg, Carmelle V. Remillard, and James S.K. Sham 
Johns Hopkins University School of Medicine, Baltimore, Maryland, U.S.A. 



1. Introduction 

Hypoxic pulmonary vasoconstriction (HPV) is an important regulatory 
mechanism for diverting pulmonary blood flow from poorly ventilated to well- 
ventilated lung regions to improve ventilation-perfusion matching and to 
optimize gaseous exchange. A huge body of literature indicates that this is a 
multifactorial process with an endpoint increase in cytosolic [Ca 2+ ] ([Ca 2+ ]j) and 
vasoconstriction in pulmonary arteries. Attention has been focused on the global 
elevation of [Ca 2+ ]|because it is responsible for the activation of Ca 2+ /calmodulin 
dependent myosin light chain kinase to initiate actin-myosin interactions and 
smooth muscle contraction. However, the global increase of [Ca 2+ ]j in vascular 
tissues is mediated by multiple Ca 2+ influx pathways, including L-type Ca 2+ 
channels, receptor-operated and store-operated Ca 2+ channels, Na + /Ca 2+ 
exchangers, and two types of Ca 2+ release channels on the sarcoplasmic 
reticulum (SR) membrane, the IP 3 receptors (IP 3 Rs) and ryanodine receptors 
(RyRs). Because of the spatial distributions of these Ca 2+ transporters, diffusion 
kinetics of Ca 2+ ions and subcellular micro-architecture, local heterogeneity in 
[Ca 2+ ] j is expected. Theoretical modeling has estimated that, in the vicinity of an 
open Ca 2+ conducting channel (Ca 2+ microdomain), local [Ca 2+ ] can easily exceed 
100 pM (47). Such large local gradients of [Ca 2+ ] can provide fast and specific 
Ca 2+ signals to neighboring effector molecules to trigger Ca 2+ dependent 
processes that may not be responsive to global submicromolar increase in [Ca 2+ ]|, 
yet which may modulate vascular reactivity. 

Local Ca 2+ events were first visualized as spontaneous local Ca 2+ release 
transients, or “Ca 2+ sparks”, in cardiac myocytes by the use of laser scanning 
confocal microscopy (9). They originate from clusters of RyRs, which are 
functionally-coupled with L-type Ca 2+ channels to form Ca 2+ release units within 
the diadic junctions (43), and are considered to be the elementary Ca 2+ release 
events underlying excitation-contraction coupling in cardiac and skeletal 
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muscles. During an action potential, thousands of Ca 2+ sparks are evoked via the 
“Ca 2+ -induced-Ca 2+ release” mechanism to generate global Ca 2+ transients for 
muscle contraction. Ca 2+ sparks have been identified in various types of vascular 
and non-vascular smooth muscle cells (SMCs). Recently, we have also identified 
and characterized Ca 2+ sparks in rat intralobar pulmonary arterial SMCs 
(PASMCs) (39). Emerging evidence suggests that Ca 2+ sparks of PASMCs may 
regulate pulmonary vascular reactivity in a unique tissue specific manner (24, 37, 
39, 50). In this chapter, we will provide a brief review on Ca 2+ sparks in systemic 
vascular' smooth muscle (20), describe and contrast the properties of Ca 2+ sparks 
of PASMCs, and discuss possible physiological roles of Ca 2+ sparks in HPV. We 
hope this will arouse interest for future investigations on the role of local Ca 2+ 
signaling in HPV. 

2. Ca 2+ Sparks of Systemic Vascular Smooth Muscle 

SMC Ca 2+ sparks were first identified in cerebral arterial myocytes (33), 
and subsequently in different types of vascular' SMCs from coronary and 
mesenteric arteries and portal vein, and non-vascular' SMCs from the trachea, 
ileum, and urinary bladder (20). In systemic arterial myocytes, they typically 
have a frequency of0.24 Hz at rest, apeak amplitude of 100-200 nM, a rise-time 
of 20 ms, decay half-time of 48-56 ms, and a spread (full-width-half-maximum, 
FWHM) of 2.4 pm (Table 1). In contrast to cardiac or skeletal muscles, which 
exclusively express a single RyR subtype, all three RyR subtypes, RyRl 
(skeletal), RyR2 (cardiac), and RyR3 (brain), are expressed in vascular smooth 
muscles (11, 27, 30, 34). Functional studies in portal vein myocytes using 
antisense oligonucleotides show that RyRl and RyR2 are both required forCa 2+ 
spark generation presumably because these channels participate in RyR-cluster 
formation (1 1), whereas RyR3 channels only play a modulatory role on spark 
frequency or contribute to global [Ca 2+ ]; (27, 30). 

Physiological roles ofCa 2+ sparks have been studied originally and most 
thoroughly in cerebral arterial myocytes (33). In intact cerebral arteries, elevation 
of intraluminal pressure to 60-80 mmHg causes graded membrane depolarization 
above -40 mV to activate voltage-gated L-type Ca 2+ channels and to sustain 
myogenic vasoconstriction. Pressurization also causes a concomitant increase in 
Ca spark frequency in these arteries (19). There is substantial evidence 
suggesting that RyR clusters in these arterial myocytes are functionally coupled 
to Ca 2+ -activated K + (K Ca ) channels in sarcolemmal invaginations known as 
caveolae (1 1, 23, 27). Ca 2+ sparks originating within these complexes cause large 
local increases of [Ca 2+ ] in thejunctional cleft (~20 nm wide), activating a group 
of apposing K Ca channels to generate spontaneous transient outward currents 
(STOCs), which cause membrane hyperpolarization, closure of L-type Ca 2+ 
channels, and vasodilation (23, 32). Due to the large conductance of K Ca channels 
(80 pS at physiological [K + ]) and the number of channels (at least 15 in number) 
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being activated, a single Ca 2+ spark can cause a substantial hyperpolarization of 
up to 20 mV (14). This robust Ca 2+ spark/ K Ca channel interaction operates as a 
frequency-dependent negative feedback modulator of membrane potential ( E m ) 
for counteracting and fine-tuning the myogenic tone. Moreover, because of the 
highly localized and transient nature of Ca 2+ sparks, they are thought to have 
little contribution to the direct activation of myofilaments and smooth muscle 
contraction. 

In addition to K Ca channels, some vascular SMCs express Ca 2+ -activated 
Cl' (Cl Ca ) channels. Simultaneous activation of a group of Cl Ca channels generates 
spontaneous transient inward currents (STICs) (17, 50), which cause membrane 
depolarization, increased Ca 2+ influx and cell contraction. In tracheal myocytes, 
it has been demonstrated that Ca 2+ sparks activate STICs in a manner similar to 
STOCs (58). Hence, the net physiological effect ofCa 2+ sparks is dependent on 
the relative activity of the counteracting Ca 2+ activated (K Ca or Cl Ca ) channels and 
on the E m (relative to the equilibrium potential of K + and C1‘, E K and E a 
respectively) at which the Ca 2+ sparks are generated. However, only a handful of 
vascular SMCs (e.g., from portal veins and pulmonary arteries) exhibit STICs 
(17, 50). Therefore, the default action of Ca 2+ sparks in vascular SMCs is 
membrane hyperpolarization, and STICs may serve a special physiological 
function unique to the particular vascular bed. 

Activity of Ca 2+ sparks in vascular smooth muscle is regulated by many 
mechanisms, ofwhich L-type Ca 2+ channel activity appeal's to play a pivotal role. 
Activation of Ca 2+ channels either by membrane depolarization or by Ca 2+ 
channel agonists increases spark frequency in all SMC preparations. It has been 
postulated that L-type Ca 2+ channels are also colocalized with RyRs in caveolae, 
and that the triumvirate of L-type Ca 2+ channels, RyRs, and K Ca channels 
operates as a functional unit to control [Ca 2+ ]; (23, 27), as exemplified by the 
enhancement of Ca 2+ sparks in cerebral arteries during pressurization (19). 
However, the association between Ca 2+ channels and RyRs in vascular smooth 
muscle is likely tissue-specific. In fact, “loose” coupling or uncoupling of Ca 2+ 
channels and RyRs has been implied in a non-vascular smooth muscle (10). 

Ca 2+ spark activity in vascular SMC is also modulated by agonist- 
dependent and independent mechanisms, including SR Ca 2+ loading, cyclic 
nucleotide- and protein kinase C (PKC)-dependent phosphorylation, and alkaline 
pH. Increasing SR Ca 2+ content, either by elevating external [Ca 2+ ] or SR Ca 2+ - 
uptake through phospholamban phosphorylation, enhances Ca 2+ spark frequency 
(52). It has been suggested that Ca 2+ binding to the luminal sites of RyRs or some 
other intra-luminal molecules is responsible for the load-dependent activation of 
Ca 2+ sparks to auto-regulate SR Ca 2+ content (28). Vasodilating agents, such as 
nitric oxide (NO) and cyclic nucleotides, increase spark frequency and contribute 
to smooth muscle relaxation by increasing STOC frequency (7, 37). In contrast, 
vasoconstricting agonists, such as norepinephrine (NE), decrease Ca 2+ sparks 
through PKC activation (6, 20, 29), enabling further contraction by reducing the 
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negative feedback imposed by K Ca channels. However, modulation of Ca 2+ sparks 
by neuro-hormonal factors may vary between vascular beds and agonists. For 
example, angiotensin II, which is known to activate PKC, has been shown to 
trigger Ca 2+ sparks in rat portal vein SMCs (2). 

3. Biophysical Properties of Ca 2+ Sparks in Pulmonary Artery 
Smooth Muscle Cells 

Informationon Ca 2+ sparks in PASMCs is sparse. To date, there are four 
published papers reporting pulmonary Ca 2+ sparks, and only two of them have 
quantified their physical properties (24,37,39,50). The major properties of Ca 2+ 
sparks of PASMCs and systemic myocytes are listed in Table 1 for comparison. 
In rat intralobar PASMCs, the resting spontaneous spark frequency is ~0.4 
spark/s or 0.01 spark/pm/s, averaged amplitude (AF/F 0 ) is -0.5 (equivalent to 
A[Ca 2+ ]j of 75 nM), the size (FWHM) is ~1.6 pm and duration (full-duration- 
half-maximum, FDHM) is -35 ms (39). The spark frequency is comparable to 
those reported in canine PASMCs and other vascular myocytes, ranging between 
0.1 to 0.4 sparks/s when measured using a scan line of similar length, and 
between 0.1 and 0.7 spark/cell/s when recorded using high speed frame scanning 
(23, 24, 36). The amplitude of Ca 2+ spark in rat PASMCs is smaller than the 200 
nM recorded in cerebral arteries (6, 22, 26, 32, 36), and canine PASMCs (24). 
The differences could be due to a lower SR Ca 2+ content in rat PASMCs or to a 
bias in spark detection, since spark selection in rat PASMCs was guided by an 
automated algorithm (39) instead of by eye-detection as in some other studies. 
On the other hand, spark duration and size of rat PASMCs are similar to those 
of other vascular smooth muscle, ranging from 30-65 ms and 1.5 to 2.4 pm, 
respectively. Therefore, overall speaking, the spatio-temporal properties and Ca 2+ 
sparks activities are similar in PASMCs and systemic vascular SMCs. 



Table 1. Properties of Ca 2+ Sparks in Systemic and Pulmonary Arterial SMC 





Systemic Myocytes 


Pulmonary Myocytes 


Unstimulated spark Fr. 


0.24 sparks/cell/s 


0.3 sparks/cell/s (0.01 sparks/pm/s) 


Amplitude, AF/F 0 (nM) 


-1 (1 10-200 nM) 


0.5-1 (75 nM) 


Spread (FWHM) 


1. 5-2.4 pm 


1.6 pm 


Duration (half time) 


30-65 ms 


35-50 ms 


RyR subtypes 


RyR 1-3 


RyR 1-3 


Effect on E m 


Hyperpolarization 


Depolarization (rat distal PASMC) 
Hyperpolarization (fetal PASMC) 


Activation 


Local Ca 2 \ BAY K8644, 


Local Ca 2 \ BAY K8644, 




Caffeine, NO 


Caffeine, ET-1 


Inhibition 


Ryanodine, PKC, NE 


Ryanodine, NE 
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4. Ryanodine Receptors, Ca 2+ Channels and Ca 2+ Sparks in 
Pulmonary Artery Smooth Muscle Cells 

In pulmonary arteries, the expression of RyR subtypes has not been 
reported. Ongoing studies in our laboratory detected mRNA for all three RyR 
subtypes using reverse -transcription polymerase chain reaction, and RyRl and 
RyR2 proteins by Western blot and immunostaining techniques (Yang and 
Sham, unpublished data), suggesting that multiple RyR subtypes are expressed 
in rat PASMCs as in systemic myocytes (11, 27, 30, 34). Even though it is 
unclear which RyR subtype is the major contributor for spark generation, there 
is no doubt that spontaneous Ca 2+ sparks originate exclusively via RyRs in 
PASMCs. This is based on evidence that i) ryanodine concentration-dependently 
abolished Ca 2+ sparks, ii ) enhancement of RyR activity using a subthreshold 
concentration of caffeine increased spark frequency, an effect reversed by 
ryanodine, and Hi) IP 3 receptor antagonists, 2-aminoethoxy-diphenylborate (2- 
APB) and xestospongin C, had no effects on resting spark frequency (24, 39). 
These observations are in agreement with most previous studies in other cell 
types, except in portal vein myocytes where inhibition of IP 3 Rs or phosplipase 
C eliminated a population of larger Ca 2+ release events, suggesting that RyRs are 
recruited by basal IP 3 dependent Ca 2+ release to generate large Ca 2+ sparks (16). 

Similar to systemic myocytes, the L-type Ca 2+ channel is an important 
modulator ofCa 2+ spark in PASMCs. Enhancing Ca 2+ influx via Ca 2+ channels 
either by direct channel activation with BAY K8644, membrane depolarization 
with elevated extracellular K + concentration ([K + ] 0 ), or increasing extracellular 
Ca 2+ concentration ([Ca 2+ ] 0 ) unequivocally increases Ca 2+ spark frequency, and 
the effects can be reversed by nifedipine (39). However, it is undetermined if 
Ca 2+ influx via Ca 2+ channels activates PASMC RyRs directly because of the 
close coupling of the two sets of channels, as in cerebral arterial myocytes (23, 
27), or indirectly via increasing SR Ca 2+ load (52). Immunostaining shows that 
RyRs are located in sites close to the sarcolemma as well as within the cytoplasm 
(unpublished data). Thus, the uncoupled central SR is likely to be regulated by 
an indirect pathway, even if Ca 2+ channels and RyRs are indeed coupled in 
peripheral junctions of PASMCs. In addition, resting spontaneous Ca 2+ sparks in 
PASMCs are unaffected by nifedipine, suggesting the spontaneous Ca 2+ sparks 
in resting PASMCs are not triggered by L-type Ca 2+ channels (39), but initiated 
by the intrinsic random stochastic activity of RyRs instead. This concurs with 
observations in cardiac and other vascular SMCs (2, 5, 32). 

5. Ca 2+ Sparks Elicit Membrane Depolarization in Pulmonary 
Artery Smooth Muscle Cells 

A major difference in the physiological function between Ca 2+ sparks of 
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pulmonary and systemic myocytes is their role in ^regulation. E m of adult rat 
intralobar PASMCs, when measured using perforated-patch to avoid disturbing 
subcellular Ca 2+ dynamics, is usually less quiescent than those recorded under 
conventional whole-cell configuration. Small sporadic depolarizations are 
frequently observed. Activation of Ca 2+ sparks with a subthreshold concentration 
(0.5 mM) (Fig. 1 A) ofcaffeine elicits immediate membrane depolarizations from 
an averaged E m of-45 to -37 mV that can be completely blocked by ryanodine 
(Fig. IB) (39). This is in sharp contrast to the hyperpolarization elicited by Ca 2+ 
sparks in systemic myocytes and raises the possibility that Ca 2+ sparks may 
contribute to vasoconstriction, rather than vasorelaxation. 



A Control 




Caffeine 




B 



-Ryanodine 



5< -jo- 

«*. 



Caffeine 









20 sec 



+Ryanodine 



Caffeine 



> -20 

E 

£: -jo- 
lt 

- 10 - 






20 sec 



Cont Caff 



f 



Coot Calf 



,WTW 



Figure 1. Effects of enhancing Ca 2+ spark activity by a subthreshold concentration (0.5 mM) of 
caffeine on E m of PASMCs. A: The linescan images recorded in the absence and presence of 
caffeine. Horizontal bar, 0.2 s; vertical bar, 10 pm. B: Effect of caffeine in the absence or 
presence of 50 pM ryanodine on E m of PASMCs. Representative traces of E m recorded using 
amphotericin-B perforated-patch technique are on left, and bar graphs of averaged E m before and 
during application of caffeine are on the right. * P<0.05 vs. control (Modified from Ref. 39). 



The disparity from systemic myocytes is likely due to i) diminished 
influence of K Ca channels, ii) prominent expression of Cl Ca channels, and Hi) 
activation of other Ca 2+ dependent membrane transporters in rat PASMCs. 
Developmental studies showed that Ca 2+ sparks and STOCs are very active in 
fetal rabbit PASMCs (38). However, the occurrence of STOCs, the expression 
of K Ca protein and mRNA and the responses of [Ca 2+ ], to K Ca channel blockers 
in distal PASMCs diminished with maturation (38, 40). The lower expression of 
K Ca channels in adult PASMCs, and/or less effective coupling between RyRs and 
K Ca channels may compromised the ability of Ca 2+ spark to induce hyper- 
polarization. On the other hand, prominent Cl Ca channels and STICs are found 
in PASMCs of several species. A recent study shows that metabolic inhibition 
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with a low concentration of cyanide (1 mM) which has no effect on global [Ca 2+ ] ; 
activates Ca 2+ sparks and elicits STICs in rat PASMCs (50), suggesting a close 
association between Ca 2+ sparks and Cl Ca channels. Moreover, ion channels are 
differentially expressed in PASMCs, such that Cl Ca and voltage-gated K + (K v ) 
channels are more abundant and K Ca channels are much reduced in PASMCs of 
distal arteries (1, 46). The specific distributions of ion channels, hence, allow 
Ca 2+ sparks to preferentially exert its depolarizing influence in distal resistant 
arteries. In addition, Ca 2+ sparks may cause further depolarization by inhibiting 
K v channels (15) and by activating the electrogenic Na + /Ca 2+ exchange. 

In contrast to adult rat distal PASMCs, Ca 2+ sparks primarily activate K Ca 
channels to generate STOCs, causing membrane hyperpolarization and relaxation 
in fetal PASMCs (38, 40), similar to systemic arterial myocytes. Normoxia or 
high 0 2 tension activates this Ca 2+ spark/K Ca channel mechanism to elicit 0 2 - 
dependejlt pulmonary vasodilation, which is critical for the transition to air 
breathing. Malfunction of this mechanism is found to be associated with an 
experimental model of pulmonary hypertension of the newborn. Moreover, 
STOCs have been recorded in small pulmonary arteries of adult rabbit (3). 
Therefore, the net effect of Ca 2+ sparks on E m may depend on developmental 
state, species, and location, all of which have significant bearings on the relative 
activities of the counteracting Ca 2+ -activated channels in PASMCs. 

6. ET-1 Enhances Ca 2+ Sparks in Pulmonary Artery Smooth 
Muscle Cells 

Under basal conditions, Ca 2+ sparks are unlikely to elicit vasoconstriction 
because spark frequency is low. However, PASMCs are constantly under the 
influences of a wide variety of vasoactive factors, some of these factors may 
exert their effects in part by modulating Ca 2+ sparks. Endothelin- 1 (ET-1), a most 
potent vasoconstrictor, has been implicated as an important modulator/mediator 
of acute and chronic HPV (8, 35). When applied exogenously to rat intralobar 
PASMCs, it elicits dramatic global Ca 2+ mobilization, involving Ca 2+ release 
from RyR-gated Ca 2+ stores (45). At the subcellular level, ET-1 at concentration 
between 10' 10 to 10' 8 M causes a concentration-dependent increase in spark 
frequency (Fig. 2B), with a 2-fold increase at 10' 10 M and a 4-5-fold increase at 
the highest concentration (56, 57). The increase in spark frequency is associated 
with increases in spark size, duration, and amplitude. Pharmacological evidence 
shows that the enhancement of Ca 2+ sparks by ET-1 is mediated through ET A - 
receptor activation of phospholipase C, leading to IP 3 generation, Ca 2+ release 
from IP 3 Rs, and local cross activation of RyRs, but it is unrelated to L-type Ca 2+ 
channel activation, increased SR Ca 2+ content, or activation of protein kinase C 
(57). More importantly, ET-1 induced activation of Ca 2+ sparks is agonist- 
specific and appears to be independent of a global increase in [Ca 2+ ] i( because 
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norepinephrine, at a concentration that elicits comparable global Ca 2+ transients, 
actually reduces Ca 2+ spark frequency (Fig. 2A) (39). The reduction of Ca 2+ 
sparks by NE is similar to that in systemic vascular smooth muscle where 
vasoconstrictors typically reduce Ca 2+ spark frequency via a PKC-dependent 
mechanism (6, 20, 29). The activation of the pro-constrictive Ca 2+ sparks by ET- 
1 may provide a special mechanism for a unique physiological function in 
intralobar PASMCs, perhaps in modulating HPV. 




250 
~ 200 



NE 



— 150 



<J 100 



^ WWW 



0 1 2 3 4 5 

Time (min) 



u> ' 



Cont Mb 




Figure 2. Effects of 10 nM norepinephrine (NE, A) and 3 nM endothelin-1 (ET-1; B) on global 
[Ca 2+ ]i and spark frequency in PASMCs. Representative linescan images in the absence (control) 
and presence NE or ET- 1 . Averaged time courses of changes in global [Ca 2 *] induced by NE and 
ET-1 and bar graphs of averaged spark frequency before and during application of the agonists. 
Horizontal bar, 0.2 s; vertical bar, 10 pm. * P<0.05 vs. control. * P= 0.53 (Modified from Ref. 39). 



7. Implications of Ca 2+ Sparks for Hypoxic Pulmonary 
Vasoconstriction 

Even though there are still uncertainties on whether Ca 2+ release is an 
early event in HPV, it is rather clear that RyR-gated Ca 2+ stores play a central 
role in the process. Inhibition of RyRs has been shown to completely abolish or 
to partially inhibit hypoxia-induced Ca 2+ responses in PASMCs (15, 49) and 
hypoxia-induced vasoconstriction in isolated perfused lung (31), pulmonary 
arteries (18, 25). Recently, some have proposed that hypoxia causes a change in 
the cellular redox-state, in particular a reduction of the P-NAD + :P-NADH ratio, 
which stimulates ADP-ribosyl cyclase and inhibits cyclic ADP-ribose hydrolase, 
leading to accumulation of cyclic ADP-ribose, an endogenous activator of RyRs 
to activate Ca 2+ release from the SR (12, 54). Circumstantial evidence also 
suggest that increased reactive oxygen species (perhaps hydrogen peroxide) 






61 



production in the proximal sites of electron transport chain in mitochondria 
during hypoxia may trigger Ca 2+ release from the SR (51). Since RyR activity is 
modulated by multiple mechanisms, including Ca 2+ -induced Ca 2+ release, cyclic 
ADP-ribose, sulfhydryl oxidation, phosphorylation, calmodulin, FK506-binding 
proteins, and SR luminal Ca 2+ content, detailed future studies are required to 
delineate the exact contributions of all these mechanisms in RyR activation 
during hypoxia. 

Ca 2+ release from RyR-gated stores may participate in the hypoxic 
response by z) providing Ca 2+ to directly activate myofilaments, z'z) acting as a 
trigger to initiate a chain of Ca 2+ events, or z'z'z) responding synergistically with 
other mechanisms to generate pulmonary vasoconstriction. Application of a high 
concentration of caffeine is known to generate large Ca 2+ transients and to cause 
contraction of pulmonary arteries, indicating that the RyR-gated store of 
PASMCs is capable of providing sufficient global Ca 2+ for direct myofilament 
activation. On the other hand, local Ca 2+ release in the form of Ca 2+ sparks can 
serve as the vehicle for the latter two possibilities. 

In the case where hypoxia elicits a moderate activation of RyRs, the 
increase in Ca 2+ spark frequency may cause a membrane depolarization which 
exceeds the activation threshold (-40 mV) of L-type Ca 2+ channel to increase 
Ca 2+ influx and contraction (33). This is analogous to the hypothesis that Ca 2+ 
release is the initial event of HPV, and elevated [Ca 2+ ]j inhibits K v channels to 
cause membrane depolarization and contraction (15). Activation of Ca 2+ sparks 
may also lead to local SR Ca 2+ depletion, resulting in activation of store-operated 
Ca 2+ channels and capacitative Ca 2+ entry (41 , 42). This notion is consistent with 
the observation that the transient phase I of hypoxia-induced contraction in 
isolated pulmonary arteries is mainly dependent on capacitative Ca 2+ entry, 
which can be blocked by a low concentration ofLa 3+ (42). Moreover, because of 
the non-selective nature of store-operated channels, their activation may amplify 
vasoconstriction by causing further membrane depolarization, and Ca 2+ influx via 
L-type voltage-dependent Ca 2+ channel (53); providing a plausible explanation 
as to why the phase I hypoxic vasoconstriction can also be partially inhibited by 
nifedipine (41). 

In the case ofmild RyR activation, membrane depolarization induced by 
Ca 2+ sparks may be insufficient to cross the threshold for L-type Ca 2+ channel 
activation, and the reduction in SR Ca 2+ may not be enough to elicit capacitative 
Ca 2+ entry. However, it may set the E m close to the activation threshold of L-type 
Ca 2+ channels, to potentiate synergistically other hypoxia-induced voltage- 
dependent mechanisms, such as K v channel inhibition (55) and Ca 2+ channel 
activation (13), and/or help to sustain a vasoconstriction by reducing the rate of 
Ca 2+ removal through Na + /Ca J+ exchange. Indeed, it has been shown previously 
in some studies that a “priming” depolarization is required for hypoxia induced 
membrane depolarization and [Ca 2+ ]j elevation in PASMCs (4, 48). To this 
effect, we have found that a subthreshold concentration of ET-1 (10- ,0 M), which 




62 



causes a 2-fold increase in spark frequency (56), but itself does not cause an 
increase in global [Ca 2+ ]j or contraction, potentiates hypoxia-induced contraction 
6-fold in porcine PASMCs, and restores acute hypoxic constriction in 
endothelium-denuded porcine distal pulmonary arteries which are otherwise 
unresponsive to hypoxia (25, 44). 
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Figure 3. Schematic diagram depicting the possible Ca 2+ signaling pathways in PASMCs. 
Abbreviations: SOC, store-operated Ca 2+ channels; NCX, Na + -Ca 2+ exchanger; RyR, ryanodine 
receptors; CI Ca , Ca 2+ -activated Cl' channels, K^, Ca 2+ -activated K + channels, K v , voltage-gated 
K + channels. 



8. Concluding Remarks 

Ca 2+ signaling is a complex process, in which Ca 2+ signals are generated 
by multiple specific Ca 2+ transporters, delivered globally or locally, and decoded 
by different effectors according to the signal amplitude and frequency in their 
immediate vicinities. In this fashion, a single ionic species can serve as a 
ubiquitous messenger for numerous cellular functions (e.g., cell proliferation, ion 
channel regulation, and muscle contraction). In the pulmonary circulation, the 
research on the function(s) and regulation of local Ca 2+ signals has just been 
started. In this chapter, we have described the biophysical properties and the 
unique pro-contractile function of Ca 2+ spark-mediated membrane depolarization 
(Fig. 3) and their modulation by ET-1 in adult rat intralobar PASMCs, and 
discussed their possible relevance in HPV. We hope this information will serve 
as a starting point for the future pursuit in the understanding of local Ca 2+ 
signaling in the regulation of pulmonary vascular reactivity. 
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1. Introduction 

Hypoxia induces a selective pulmonary vasoconstriction due to the 
contraction of vascular smooth muscle cells contained in the pulmonary artery 
wall. When hypoxia is maintained (i.e., chronic hypoxia), the sustained 
pulmonary vasoconstriction leads to a selective pulmonary arterial hypertension 
(PAHT). An increase in the cytosolic Ca 2+ concentration ([Ca 2+ ] 1 ) is a key step 
in initiating the contractile response (43, 46). In vascular smooth muscle, an 
increase in [Ca 2+ ], can result from both an influx of extracellular calcium and a 
release of intracellular stored Ca 2+ (28). Extracellular Ca 2+ enters the smooth 
muscle cells mainly following the activation of voltage-gated Ca 2+ channels (e.g., 
L-type Ca 2+ channel), receptor-operated channels or store-operated channels, 
whereas intracellular Ca 2+ mainly originates from the sarcoplasmic reticulum 
(SR) via the activation of two types of receptor/channels: the inositol 1,4,5 
trisphosphate receptor/channel (IP 3 R) and the ryanodine receptor/channel (RyR) 
(6,7). 

In normoxic conditions, pulmonary arterial tone is controlled by both 
membrane potential (35, 50) and a variety of circulating and locally released 
mediators (3). Under chronic hypoxic conditions, the concentration of some of 
these mediators (i.e., angiotensin II, endothelin-1, serotonin) is increased both 
in animals and in humans; thus their implication in the etiology of the PAHT has 
been questioned (14, 15, 24, 29, 32, 33). Although the exact mechanisms 
involved both in hypoxic pulmonary vasoconstriction (HPV) and in PAHT are 
not clearly defined, a direct effect of hypoxia on the calcium homeostasis of 
pulmonary artery smooth muscle cells (PASMCs) is generally suggested. The 
aim of this chapter is thus to review the effect of hypoxia (acute and chronic) on 
both the resting [Ca 2+ ]j value and the [Ca 2+ ]j response induced by agonists in 
PASMCs. 
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2. Agonist-induced Ca 2+ Transients in Pulmonary Artery 
Smooth Muscle Cells Subjected to Normoxic Condition 

2.1. Characteristics of Ca 2+ Transients 

Using microspectrofluorimetry to measure the [Ca 2+ ];in single cells, studies 
from our laboratory and others have revealed that agonists controlling smooth 
muscle tone via activation of seven transmembrane domain, G-coupled surface 
membrane receptors (e.g., angiotensin II, endothelin-1, extracellular ATP and 
UTP, noradrenaline, and serotonin) induce a complex temporal [Ca 2+ ] ; response 
in PASMCs. The pattern of the response depends on several factors, including 
the type of arteries (proximal vs distal), the species, the phenotype of the cells 
(i.e., fresh vs. cultured cells) and the agonist considered. For example, in short 
term cultured (24-48 h) vascular myocytes from intrapulmonary arteries (300- 
500 pm o.d.), endothelin-1 induces a transient increase in [Ca 2+ ]; followed by a 
small plateau. The amplitude of the peak is dependent on the endothelin- 1 
concentration from 0.1 to 10 nM (44). In freshly isolated and cultured myocytes 
from proximal extrapulmonary and intralobar arteries, the agonist-induced [Ca 2+ ] ; 
response is composed of a series of cyclic increases in [Ca 2+ ];, so-called Ca 2+ 
oscillations. The [Ca 2+ ]j rises, after a delay of 5 to 10 sec, from a resting value 
of 60-70 nM to a peak value of 400-800 nM (20, 25) before decreasing once 
again. This first increase is transient and followed by successive peaks of 
constant duration (Fig. 1). The oscillation frequency varies from 4-6 to 25- 
30/min, according to the cell type and the agonist concentration. On average, 50- 
80% of cells exhibit [Ca 2+ ]| oscillation under identical experimental conditions. 

The concentration of agonist is the main factor that modulates the pattern of 
Ca 2+ oscillations. However, this modulation still depends on both type of tissue 
and the nature of the agonist considered. In some cases (cultured canine 
PASMCs), both amplitude and the frequency of the Ca 2+ oscillations increase 
with the mediator concentration (22). In some others cases (freshly isolated rat 
PASMCs). the overall pattern of oscillations appears to be independent of the 
mediator concentration, but the percentage of cells exhibiting Ca 2 ' oscillations 
in response to mediator stimulation does depend on the mediator concentration 
(20, 25). In this latter case, the combination of the number of responding cells 
with the amplitude of the first [Ca 2 ' ] i peak also reveals a relationship between the 
concentration of the mediator and the [Ca 2+ ]j response (25). 

In contrast to mediators acting at cell surface membrane receptors, caffeine 
and ryanodine, known to act directly on the SR and to potentiate Ca 2+ -induced 
Ca 2+ release, always induce a transient or monotonic increase of [Ca 2+ ]> (Fig. 3C) 
that is never followed by oscillations in PASMCs (18, 25, 27). The amplitude 
of this transient [Ca 2+ ] s -response is dependent on the concentration of caffeine 
used (0.1-10 mM). 
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Figure 1. Agonist-induced Ca 2+ oscillations in freshly isolated PASMCs from the rat main 
pulmonary artery. Short (30 s) ejection of angiotensin II (A, Ang II, 0.1 pM) or endothelin-1 (B 
and C, ET-1, 0.01 pM) near the cell induced oscillations in [Ca 2+ ] it These Ca 2+ oscillations were 
not altered when PASMCs were supervised with a Ca 2+ -free physiological salt solution (PSS, A) 
but, disappeared when PASMCs are supervised for 15 min with 1 pM thapsigargin (TG, B). 
When PASMCs were supervised for 10 min with 1 pM of 2-APB, the ET-l-induced [Ca 2+ ]; 
oscillations disappeared (C). In each panel, the first record ( left trace) is the control response. 
Each trace was recorded from a different cell and is typical of 8-10 cells. 



2.2. Cellular Mechanisms of Agonist-induced [Ca 2+ ]; Responses in 
Pulmonary Artery Smooth Muscle Cells 

In rat PASMCs, Ca 2+ oscillations are modified neither by the presence of 
organic Ca 2+ -channels blockers (verapamil or nifedipine), nor by La 3+ or removal 
of extracellular Ca 2+ (Fig. 1A) (18, 25) whereas, in canine PASMCs, Ca 2+ 
oscillations progressively disappear when external Ca 2+ is removed but are 
maintained in the presence of Ca 2+ channel blockers (22). In freshly-dissociated 
or cultured PASMCs, agonists fail to induce Ca 2+ oscillations when cells are 
pretreated with specific blockers of SR Ca 2+ -ATPase pump, such as thapsigargin 
(TG) (Fig. IB) or cyclopyazonic acid (CPA) (17). This result suggests that the 
main Ca 2+ compartment involved in Ca 2+ oscillations, or at least in the triggering 
of Ca 2+ oscillations, is an intracellular store (mainly the SR). Hence, agonist- 
induced Ca 2+ oscillations appeal - to be regulated by a cytosolic Ca 2+ oscillator. 
Agonist-induced Ca 2+ oscillations are inhibited by i) neomycin orU73122, potent 
inhibitors of the phosphoinositide phospholipase C (18, 22, 25), and ii) 2- 
aminoethyldiphenylborate (2-APB ) and heparin, potent inhibitors of the IP 3 R 
(Figure 1C). These results indicate that the IP 3 pathway is implicated in the 
mechanism of Ca 2+ oscillations. The cyclic character of [Ca 2+ ], variation could 
be due to either a discontinuous production of IP 3 (receptor-controlled oscillator) 
or an opening and closure of the IP 3 R (second messenger controlled oscillator). 




70 



So far, no direct evidence for cyclical agonist-mediated production of IP 3 has 
been reported in smooth muscle cells. In contrast, the regulation of IP 3 R is 
complex and involves both positive and negative feedback controls by cytosolic 
and/or luminal Ca 2+ (26, 31). Ca 2+ acts as a cofactor at the site ofIP 3 R. At low 
[Ca 2+ ]j (<300 nM), Ca 2+ potentiates the IP 3 effect, whereas at high [Ca 2+ ] ( (>300 
nM), its antagonizes the IP 3 effect (26). This biphasic regulation of the IP 3 R, 
together with the activity of the sarcoplasmic and plasmalemmal Ca 2+ pumps, can 
explain the cyclical nature of the agonist-induced [Ca 2+ ]; increase. The amplitude 
of each [Ca 2+ ] spike may represent the balance between Ca 2+ release, the loss of 
Ca 2+ from the cell, and the sequestration of Ca 2+ into intracellular stores. The 
termination of the spike would occur when the release process is inactivated, 
allowing extrusion of Ca 2+ from the cell and the sequestration of Ca 2+ into 
intracellular store (Fig. 5). 

Although caffeine-induced [Ca 2+ ] ; response (CICR) disappears in PASMCs 
pretreated with thapsigargin, it is not altered by modulators of the IP 3 pathway 
but, conversely, is fully antagonized by tetracaine, a potent inhibitor of the CICR 
mechanism (20). It thus clearly appears that PASMCs exhibit two Ca 2+ -release 
systems located at the site of the SR membrane. One is the IP 3 R underlying Ca 2+ 
oscillations through the IP 3 -induced Ca 2+ release (IICR) mechanism, the other is 
the ryanodine receptor/channel protein (RyR) responsible for the CICR 
mechanism (Fig. 5). 

3. Effect of Hypoxia on Ca 2+ Transients in Pulmonary Artery 
Smooth Muscle Cells 

3.1. Effects of Acute Hypoxia 

In pulmonary resistance arteries, it is well recognized that acute hypoxia per- 
se, increases[Ca 2+ ]; in PASMCs in both freshly isolated and cultured cells as well 
as in intact arterial wall (13, 27, 39, 42). This [Ca 2+ ]j increase triggers the 
contractile response of PASMCs and thus underlies the subsequent HPV. 
Perfusion of PASMCs with hypoxic medium quickly increases [Ca 2+ ] ; to its 
maximum within l-2min, and is maintained during the duration of perfusion 
(49). Return to a normoxic environment quickly restores the initial [Ca 2+ ]; value. 
The [Ca 2+ ]j increase is graded from 0 to 500 nM as a function of the severity of 
hypoxia from Po 2 60-80 to 10-15 mmHg (34). A variety of studies have 
investigated the origin and the mechanism of hypoxia-induced [Ca 2+ ]; increase. 
Both intracellular and extracellular Ca 2+ compartments are involved. It is 
generally admitted that hypoxia first induces a release of intracellular Ca 2+ 
followed by an influx of extracellular Ca 2+ (16, 37). Both voltage-dependent (23, 
48) and voltage-independent (e.g., capacitative Ca 2+ entry) mechanisms are 
involved in the Ca 2+ influx (27, 34, 40). In addition the SR, mitochondria also 
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seem to play a modulatory role in the hypoxia-induced Ca 2+ release from 
intracellular stores (49). Detailed mechanisms involved in hypoxia-induced Ca 2+ 
release are described in the next chapter (Chapter 6). 

In proximal (conduit) arteries, acute hypoxia induces a decrease in the resting 
[Ca 2 l value, and vasodilation. In one study (48), it has been shown that 
PASMCs can generate spontaneous Ca 2+ oscillations that are mainly due to the 
activation of L-type voltage-dependent Ca 2+ channels. Acute hypoxia attenuates 
and increases the frequency of Ca 2+ -oscillations in conduit and resistance arteries, 
respectively. These results suggest that hypoxia modulates the activity of Ca 2+ 
channels in opposite manner in different regions of the pulmonary arterial tree. 

Finally, very few information is available about the interactions between 
acute hypoxia and agonist-induced Ca 2+ response. In distal pulmonary artery 
myocytes from fetal lamb, angiotensin II induces small Ca 2+ oscillations (30 nM 
in amplitude), which are attenuated by acute hypoxia (13). 

3.2. Effect of Chronic Hypoxia on Agonist-induced [Ca 2+ ]j Responses 

Some aspects ofthe modulation ofcellular signaling by chronic hypoxia have 
been studied on cultured cells maintained in an hypoxic environment for 24 to 
72 hrs. Flowever, most ofthe studies investigating the effect of chronic hypoxia 
on [Ca 2+ ] j responses have been performed on pulmonary arteries obtained from 
the chronically hypoxic rats, where animals are exposed to a hypoxic 
environment either under normobaric (10% 0 2 ) or hypobaric (0.5 atmosphere) 
conditions for 2-3 weeks. This procedure induces a selective PAHT with an 
increase ofthe mean pulmonary artery pressure from ~ 10 to 30 mmHg (Fig. 2A) 
( 10 ). 
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Figure 2. Effect of chronic hypoxia (CH) on pulmonary arterial pressure (PAP) and resting [Ca 2+ ]j 
in PASMCs in rats. CH (3 weeks) induced a significant increase in mean PAP (A) and in [Ca 2+ ] ; 
(B) compared with control rats. After 3 weeks of normoxia recovery, mean PAP and PASMC 
[Ca 2+ ]j were not different from those of control rats. Results are mean±SE. * P<0.05 vs. control. 
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In general, chronic hypoxia increases the resting [Ca 2+ ]j value by -60%, i.e., 
from 70-75 nM to 115-120 nM (Fig. 2B) (10, 11). This increase disappears in the 
absence of extracellular Ca 2+ but is resistant to organic inhibitors of L-type 
voltage-dependent Ca 2+ channels (e.g., nifedipine, verapamil) (11, 45), 
suggesting that a different Ca 2+ entry pathway may be upregulated by chronic 
hypoxia. The exact nature of this Ca 2+ influx has not yet been identified. 
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Figure 3. Effect of chronic hypoxia on agonist-induced [Ca 2+ ]j response in PASMCs. Short (30 
s) application of 1 pM phenylephrine (PHE, A) or 0.1 pM endothelin (ET-1, B), induced 
oscillations in [Ca 2+ ], in PASMCs obtained from control (normoxic) rats. The agonist-induced 
[Ca 2+ ] j oscillations disappeared in PASMCs from rats exposed to hypobaric hypoxia for 3 weeks. 
In contrast, the amplitude of the caffeine-induced transient [Ca 2 *], response was not altered by 
chronic hypoxia (C). 



As for PAHT in humans, it has been demonstrated that chronic hypoxia in 
rat increases: i) ET-1 gene expression and plasma ET-1 levels (2, 14, 15, 30) and 
ii) angiotensin converting enzyme (ACE) expression and activity (32, 33, 51), 
suggesting that both agonists are implicated in PAHT. Thus, it appears relevant 
to investigate the effects of chronic hypoxia on Ca 2+ responses induced by these 
agonists. In transiently cultured PASMCs from intrapulmonary arteries, chronic 
hypoxia largely inhibits the ET-l-induced transient increase in [Ca 2+ ]| (45). In 
freshly isolated PASMCs from extrapulmonary arteries of chronically hypoxic 
rats, agonist-induced [Ca 2+ ]j responses are drastically altered. The main change 
is a decrease in the percentage of responding cells (15-30%) and the 
disappearance ofthe oscillatory profile (Figs. 3 A and B and Fig. 4). This change 
is not due to a chronic hypoxia-induced change in the Ca 2+ source implicated in 
the [Ca 2+ ]j responses (8). As under control conditions, angiotensin II- or ET-l- 
induced [Ca 2+ ]i responses in PASMCs from chronically hypoxic rats are not 
altered in either Ca 2+ -free solution or by the voltage-dependent Ca 2+ channel 
blocker D600, but vanishes after pretreatment of the cells with thapsigargin. 
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These results indicate that agonist-mediated [Ca 2+ ]j responses in PASMCs also 
involve the mobilization of Ca 2+ from an intracellular Ca 2+ source, presumably 
the SR (8). In contrast, chronic hypoxia does not modify the percentage of cells 
responding to caffeine or the amplitude of the Ca 2+ transient induced by caffeine 
(Fig. 3C) (8, 45). Collectively, these data demonstrate that chronic hypoxia alters 
Ca 2+ oscillations via an action on the IP 3 -signaling pathway, but not on the CICR 
mechanism. 




Figure 4. Reversal of chronic hypoxia-induced alteration in agonist-induced [Ca 2+ ], response in 
PASMCs. Endothelin- 1 (ET- l)-induced [Ca a+ ] t oscillations in PASMCs from normoxic (control, 
A) and chronically-hypoxic (3 weeks, B) rats. The ET- 1 -induced [Ca 2, ]j oscillations were partially 
recovered in PASMCs from CH rats after 3 weeks of recovery in normoxic conditions (C). 



3.3. Potential Mechanism of Chronic Hypoxia-induced Disappearance of 
Ca 2+ Oscillation 

Chronic hypoxia-induced changes in agonist-induced [Ca 2+ ]| oscillations 
could result from: i) biochemical modulation of the agonist-receptor binding step 
resulting in a decrease in the number of receptors expressed at the surface 
membrane and/or a decrease in the agonist binding affinity, ii) functional 
alteration of IP 3 R, and Hi) different IP 3 R subtypes involved in the response. 

In smooth muscle, IP 3 R is biphasically regulated by [Ca 2+ ]| (26) and this 
regulation accounts for the cyclical opening and closure of the associated Ca 2+ 
channel (21) and, at least in part, for the so called Ca 2+ oscillations. It is unlikely 
that the amplitude of chronic hypoxia-induced increase in resting [Ca 2+ ]| (-60%, 
corresponding to « 300 pM) could modify the negative feedback effect of 
[Ca 2+ ]| on IP 3 R. Alternatively, the hypoxia-mediated change in agonist-induced 
[Ca 2+ ]| oscillation could be due to an alteration in the SR Ca 2+ re-uptake 
mechanism which plays an important role in generating Ca 2+ oscillation. Such a 
Ca 2+ reuptake mechanism can be more easily examined by analyzing the falling 
partofthecaffeine-induced[Ca 2+ ]itransients. Although chronic hypoxia does not 
modify the amplitude of the caffeine-induced [Ca 2+ ]| transients, it significantly 
decreases the rate of resting [Ca 2+ ]| restoration (8). These results suggest that 
chronic hypoxia affects Ca 2+ reuptake into the SR by the SR Ca 2+ pump 
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(SERCA) and/or Ca 2+ extrusion by plasmalemmal Ca 2+ pump (PMCA) andNa + - 
Ca 2+ exchanger. Indeed, the effect of chronic hypoxia on the kinetics ofcaffeine- 
induced [Ca 2+ ]| response is mimicked by CPA, suggesting that chronic hypoxia 
may inhibit SERCA to delay the recovery ofresting [Ca 2+ ]j. Interestingly, it has 
been shown in human cardiac muscle that SERCA expression changes during 
cardiac hypertrophy (1). We believe that the chronic hypoxia-induced decrease 
or disappearance of agonist -mediated Ca 2+ oscillations in PASMCs is due to the 
downregulation of SERCA. Upon receptor activation, Ca 2+ re-uptake into the SR 
is slowed after the first Ca 2+ increase during hypoxia; therefore, cytosolic [Ca 2+ ] 
remains elevated and subsequently modifies the function ofIP 3 R (Fig. 5). 

In smooth muscle, as in non-muscle cells, three IP 3 R isoforms (type 1 -3) are 
encoded by three different genes (7, 36). Recent studies performed on IP 3 R 
reconstituted in lipid bilayer have revealed important functional differences 
between the three isoforms. Interestingly, type 1 -IP 3 R is biphasically regulated 
by cytosolic Ca 2+ (21, 38, 47). Preliminary results from our laboratory show that 
type l-IP 3 Ris predominantly expressed in PASMCs from normoxic rats. It is 
thus tempting to speculate that chronic hypoxia could switch IP 3 R from a 
biphasically to a non-biphasically regulated subtype. This hypothesis requires 
further molecular biological investigations. 

4. Role of Ca 2+ Oscillations and Consequences of Their 
Disappearance in Chronic Hypoxic Conditions 

In smooth muscle, as in nonexcitable cells, the role of Ca 2+ oscillations has 
not yet been clearly elucidated. As discuss in the first paragraph, in many cells 
types, the oscillation frequency is sensitive to the agonist concentration. It is thus 
suggested that oscillations may represent a digitalization of the Ca 2+ signal, 
allowing a frequency -dependent control ofthe cellular response. Ca 2+ oscillations 
are also implicated in the control of the membrane potential through regulation 
of Ca 2+ -activated ion channels (19, 41). 

Chronic hypoxia-induced disappearance of Ca 2+ oscillations play a major role 
in chronic hypoxia-induced changes in main pulmonary artery (MPA) reactivity. 
In proximal PASMC, maximal ET-1 (Fig. 4) and angiotensin Il-induced 
contraction were decreased as was the frequency of Ca 2+ oscillations in response 
to the same mediator (5, 8). Interestingly, this effect is the opposite to that 
observed in another smooth muscle, the trachealis where chronic hypoxia 
increase both the cholinergic contractile response and the Ca 2+ oscillation 
frequency in airway smooth muscle myocytes (4). The reason for the differential 
effect of chronic hypoxia on the reactivity of the two smooth muscle types 
remains to be established. 
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5. Reversal of Chronic Hypoxia-induced Alteration of Ca 2+ 
Signaling 

A distinguishing characteristic of chronic hypoxia-induced PAHT is its 
reversibility upon return to normoxia. In addition to pulmonary vasoconstriction 
(Fig. 2A), right ventricular hypertrophy, structural changes in elastic laminea, 
muscularization of distal pulmonary vessels, upregulation of angiotensin II 
receptors, and inhibition of K + channels are also fully reversed after 2-3 weeks 
of normoxia recovery (9, 10, 12). Furthermore, the sustained increase in resting 
[Ca 2+ ]| in PASMCs during chronic hypoxia is also reversed following normoxic 
recovery (Fig. 2B) (10). Flowever, no detailed study has been performed on the 
reversibility of chronic hypoxia-induced alterations of agonist-induced [Ca 2+J j 
oscillation in PASMCs. Our preliminary studies show that, after 3 weeks of 
normoxic recovery, both the oscillating profile of ET-1 -induced [Ca 2+ ] ( response 
and percentage of cells exhibiting Ca 2+ oscillations are restored (Fig. 5). 



Agonist 




PMCA 



I I | 

Chronic Hypoxia 



Figure 5. Proposed cellular mechanisms responsible for agonist-induced Ca 2+ oscillations in 
PASMCs and their alteration by chronic hypoxia. Agonists bind to specific G-protein coupled 
receptors and activate phospholipase C (PL C) which hydrolyses phosphatidylinositoi 4, 5 
biphosphate (PIP 2 ) to diacyglycerol (DAG) and IP 3 . IP 3 then binds to specific IP 3 R on the SR 
membrane. The cyclical opening of the IP 3 R-Ca 2+ release channels due to its biphasic regulation 
by cytosolic Ca 2+ induces [Ca 2+ ] ( oscillations. Released Ca 2+ is then sequestered into the SR by 
SERCA and/or extruded through the plasmalemmal Ca 2+ pump (PMCA), thereby leading to a 
progressive diminution offCa 2 *]; oscillations. Activation of RyR on the SR membrane by caffeine 
also induces a transient rise in [Ca 2+ ]j and contributes the overall Ca 2+ signaling. Chronic hypoxia 
specifically alters [Ca 2+ ] ( oscillations by regulating the IP 3 signaling pathway (e.g., IP 3 production 
and/or IP 3 R function and expression) and/or SERCA. 
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6. Conclusion 

Both acute and chronic hypoxia alter resting [Ca 2+ ]j value and Ca 2+ transients 
in PASMCs. These alterations are related to hypoxia-mediated effects on various 
pathways implicated in PASMC Ca 2+ homeostasis: voltage-dependent and - 
independent Ca 2+ influx, IP 3 R, Ca 2+ re-uptake, etc. These alterations also play 
a role in both structural and reactivity changes of the pulmonary circulation in 
the course of the development ofPAHT, as well as in its potential reversal upon 
normal air breathing. Further studies are therefore required to provide a 
comprehensive description of the variety of hypoxia-induced effects on calcium 
signaling in PASMCs, and to identify the common mechanism(s) leading to 
these various effects in order to define new molecular therapeutic targets. 
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1. Introduction 

The anatomical drawings of the thirteenth century Islamic physician, Ibn 
Nafis, were the fust to describe the pulmonary circulation (3). Four centuries 
later, William Harvey’s experiments, recorded in De Motu Cordis (1628), 
confirmed that blood flowed through the lungs (64). The work of Nafis and 
Harvey provided the foundation on which further research flourished, and in 
1661, Malpighi linked the right and left sides of the heart with his discovery of 
pulmonary capillaries (40). 

Awareness ofhypoxic pulmonary vasoconstriction (HPV) dawned in 1894, 
when Bradford and Dean recorded a rise in pulmonary arterial pressure upon 
asphyxia (8). However, it was another 50 years before von Euler and Liljestrand 
(19) showed that hypoxia without hypercapnia induced constriction within the 
pulmonary circulation. In fact, von Euler and Liljestrand were the first to 
hypothesize that HPV might aid ventilation perfusion matching at the alveoli, by 
diverting blood flow away from poorly ventilated areas of the lung. Thus, HPV 
was recognized as the critical and distinguishing characteristic of pulmonary 
arteries. In contrast, systemic arteries dilate in response to tissue hypoxemia, in 
order to match local perfusion to local metabolism (55). 

When large areas of the lung are exposed to alveolar hypoxia, as is the case 
in diseases such as emphysema, obstructive airways disease, sleep apnea and 
cystic fibrosis, widespread HPV is triggered, which leads to hypoxic pulmonary 
hypertension (HPH) and eventually right heart failure (61). At present, the 
precise mechanisms that promote HPV remain obscure and although inhalation 
therapy (e.g., nitric oxide, 0 2 ) and prostacyclin (PGI 2 ) injection have been 
considered, current therapies for HPH are poor (17). It is for this reason, in 
addition to scientific curiosity, that investigations on the mechanisms of HPV 
continue. 
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2. Nervous Regulation of Hypoxic Pulmonary Vasoconstriction 

Investigations on the innervation of the pulmonary vasculature date back to 
the work of Bradford and Dean in 1894 (8), which demonstrated that gross 
excitation of the spinal cord caused vasorelaxation within the systemic 
circulation, without effect on the pulmonary circulation. Subsequently, Nissel 
(45) provided significant progress in our understanding of the basic mechanisms 
of HPV. In short, Nissel demonstrated that HPV was a local response largely, or 
entirely, independent ofthe autonomic nervous system. The limited influence on 
HPV of the innervation within the pulmonary vasculature was confirmed by 
denervation. First, chemical sympathectomy (using 6-hydroxy-dopamine) in the 
canine pulmonary vasculature was shown to be without effect on HPV (25). 
Naeije et al. (43) confirmed this finding, and also demonstrated that surgical 
denervation of the carotid and aortic chemoreceptors permitted HPV. More 
recently, the rise in pulmonary arterial pressure associated with HPV was shown 
to remain unchanged after bilateral cervical vagotomy (38). 

Importantly, bilateral lung transplants allowed for the study of HPV after 
denervation in man. In these patients, HPV persists (54). We can conclude, 
therefore, that neither central nor local regulation of the autonomic nervous 
system plays a role in mediating HPV. 

3. The Site of Hypoxic Pulmonary Vasoconstriction 

In 1951, Duke demonstrated that HPV was not induced when the lung was 
perfused with hypoxic blood at a constant, normoxic alveolar 0 2 tension (Po 2 ) 
(16). Later work confirmed that the P0 2 ofthe perfusate was not the determining 
factor, and instead that a fall in alveolar P0 2 consistently triggered a pronounced 
increase in pulmonary vascular perfusion pressure (4). Clearly, therefore, HPV 
is triggered by a reduction in 0 2 to the airways and/or the alveoli. Thus, airway 
hypoxia, and not the Po 2 of the perfusate, should be the stimulus of choice for 
studies of HPV in isolated lungs. 

Consistent with the finding that a fall in Po 2 at the terminal airways and 
alveoli triggers HPV, Kato and Staub (32) demonstrated, using unilobar hypoxia 
in the feline lung, that the small pre-capillary resistance arteries contributed most 
to the increase in pulmonary vascular perfusion pressure during alveolar hypoxia. 
This finding was confirmed by subsequent investigations (4). Furthermore, the 
magnitude ofHPV in isolated pulmonary arteries, was also found to be inversely 
related to pulmonary artery diameter (32, 35). It seems likely, therefore, that the 
principal mechanism(s) that drives HPV would offer a degree of selectivity for 
small versus large pulmonary arteries, coupled with an even greater degree of 
selectivity for pulmonary versus systemic arteries. 
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4. Characteristics of the Hypoxic Response in Isolated 
Pulmonary Arteries 



In isolated pulmonary arteries, HPV is biphasic when induced by switching 
from a normoxic to a hypoxic gas mixture (Fig. 1A). In agreement with Ward 
and co-workers (35, 51), we find that hypoxia induces an initial transient 
constriction (phase 1), followed by a slow tonic constriction (phase 2) (12, 13, 
66). The initial transient constriction peaks within 5-10 min of the hypoxic 
challenge, whilst the secondary tonic constriction peaks after 30-40 min (12, 13, 
35, 51, 66). Others describe a transient, monophasic constriction of isolated 
arteries by hypoxia, which has been referred to by some as biphasic (1 1, 23, 29, 
69). Importantly, the time course of the records of HPV presented in the latter 
investigations, and/or the duration of exposure to hypoxia, indicate that they 
describe the initial phase 1 constriction only. 
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Figure 1. The effect on HPV of removing the endothelium and extracellular Ca 2+ . A: A 
representative record indicating phase 1 and phase 2 of the response of an intact pulmonary artery 
ring to hypoxia. B: Constriction by hypoxia of a pulmonary artery ring without endothelium. C: 
Constriction by hypoxia of an intact pulmonary artery ring in the absence of extracellular Ca 2+ . 
D: Constriction by hypoxia of a pulmonary artery ring without endothelium and in the absence 
of extracellular Ca 2+ . 



These variations in qualitative description of HPV demonstrate the 
significance ofthe basic methodology to our interpretation of events. We should 
be acutely aware, therefore, of the exact parameters within which each 
experiment was carried out before arriving at any definitive conclusion as to the 
mechanisms and/or mediators involved. 
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5. The Role of Pulmonary Artery Smooth Muscle and 
Endothelium 

In 1976, Fishman questioned whether hypoxia induced constriction by 
modulating the release of local mediators, or by acting directly on vascular 
smooth muscle (20). This question has focused the minds of researchers in the 
field ever since. Consideration of the full facts before us now leaves us in no 
doubt that both local mediators and direct effects of hypoxia on the smooth 
muscle contribute to HPV. 

5.1. The Pulmonary Artery Endothelium 

The first clear evidence for endothelium-derived mediators in the hypoxic 
response was provided by Holden and McCall (27). Subsequent investigations 
provided support for this proposal, in that HPV was found to be attenuated 
following removal of the pulmonary artery endothelium (11-13, 28, 33, 35). 
These findings and those of others led to a general consensus in favor of a role 
for an endothelium-derived vasoconstrictor as a mediator of HPV (14, 18, 21, 39, 
53; see Chapter 12). Significantly, and in marked contrast to our findings with 
respect to pulmonary artery smooth muscle (see below), our recent studies 
suggest that hypoxia releases an endothelium-derived vasoconstrictor by 
triggering transmembrane Ca 2+ influx into pulmonary artery endothelial cells 
(Fig. ID) (13). Furthermore, the endothelium-derived vasoconstrictor appears to 
promote HPV not by raising cytoplasmic Ca 2+ concentration in the smooth 
muscle, but by inducing an increase in the sensitivity ofthe contractile apparatus 
to Ca 2+ (51, 53; see Chapter 7). 

5.2. The Role of the Pulmonary Artery Smooth Muscle 

In 1976, McMurtry et al. showed that Ca 2+ channel antagonists inhibited 
HPV in isolated rat lungs, indicative of a role for voltage-gated Ca 2+ channels 
in HPV (42). Given that we now know that voltage-gated Ca 2+ channels are not 
present in arterial endothelial cells, at least in resistance vessels, and that Ca 2+ 
channel antagonists have little effect on the endothelium-dependent component 
of HPV (52), this finding may well have represented the first evidence in support 
of a direct effect of hypoxia on the smooth muscle. Further support for this 
conclusion may be derived from a variety of studies which have demonstrated 
that hypoxia causes constriction in isolated pulmonary arteries without 
endothelium (12, 13, 23, 28, 66). Moreover, hypoxia has been found to increase 
cytoplasmic Ca 2+ concentration and cause contraction in isolated pulmonary 
artery smooth muscle cells (10, 13, 23, 58). 

A physiological role for direct regulation of pulmonary artery smooth 
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muscle by hypoxia has, however, been challenged. Firstly, the physiological 
significance of the transient phase 1 constriction of isolated pulmonary arteries 
by hypoxia was questioned, despite the fact that the transient constriction is 
consistently observed within the first 5-10 min of a hypoxic challenge in arteries 
with and without the endothelium (12, 13). When induced in the isolated lung, 
however, F1PV may appear - monophasic or biphasic, depending on the 
experimental conditions (e.g., nature ofperfusate, basal perfusion pressure, and 
severity of hypoxic insult) (12, 61, 64). The relative contribution of the 
mechanisms that underpin the transient and maintained phase of pulmonary 
artery constriction by hypoxia, respectively, may therefore vary in a manner 
dependent on compounding physiological parameters. 

Until recently it had also been argued that maintained (> 15 min) FIPV could 
not be induced in arteries without endothelium (1, 1 1, 27, 33, 35). It is important 
to note, however, that in all of these investigations, isolated pulmonary arteries 
had to be pre-constricted in order to record any constriction by hypoxia. This is 
a significant point, because FIPV is quite rightly viewed as a vital homeostatic 
mechanism and, therefore, should be observed in the absence of pre-constriction. 
Consistent with this proposal, we have recently recorded maintained FIPV in 
isolated pulmonary arteries in the absence of pre-constriction, both with and 
without endothelium (Fig. 1A and B) (12, 13, 66). These studies were the first 
to report that arteries without endothelium, when exposed to hypoxia, exhibit a 
transient constriction which declines to a plateau above baseline (Fig. 1C and D) 
(12, 13, 66). Furthermore, this plateau constriction was maintained whatever the 
duration of exposure to hypoxia, but declined rapidly to baseline, as one would 
expect, upon normoxia. There is compelling evidence, therefore, to support our 
view that hypoxia diggers maintained constriction of pulmonary arteries, in part, 
by acting directly on the smooth muscle. 

6. Regulation by Hypoxia of Ca 2+ Influx into Pulmonary Artery 
Smooth Muscle 

In 1985, Flarder et al. reported that hypoxia induced smooth muscle cell 
depolarization and concomitant constriction in isolated pulmonary arteries (26). 
The force generated was dependent on the extracellular Ca 2+ concentration, and 
both depolarization and constriction were blocked by the Ca 2+ channel 
antagonist, verapamil. It is notable that these investigations identified no change 
in smooth muscle K + permeability. It was concluded, therefore, that hypoxia 
activated a Ca 2+ conductance, and that Ca 2+ influx mediated both membrane 
depolarization and pulmonary vasoconstriction. 

However, later clcctrophysiological investigations demonstrated that 
hypoxia inhibited a K + conductance in isolated pulmonary artery smooth muscle 
cells, and that hypoxia was without effect on the K + conductance in isolated 
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systemic artery smooth muscle cells (47, 48, 50, 68). This led to the suggestion 
that HPV was initiated by smooth muscle cell depolarization due to inhibition of 
0 2 -sensing K + channels and subsequent Ca 2+ influx via voltage-gated Ca 2+ 
channels. Initially, it was proposed that hypoxia inhibited Ca 2+ -activated K + 
(BKJ channels. In contrast, subsequent reports indicated that voltage-gated K + 
channels might underpin theprincipal 0 2 -sensitive K + conductance (47,48, 56, 
63, 68). Despite extensive research on this theme, however, recent investigations 
suggest that the inhibition of 0 2 -sensing K + channels by hypoxia does not trigger 
acute HPV, or contribute significantly to its maintenance (14, 18, 52). 
Moreover, the use of voltage-gated Ca 2+ channel antagonists has proved 
disappointing in the treatment of HPH, and may even increase ventilation- 
perfusion mismatch (44). 

7. Regulation by Hypoxia of Ca 2+ Mobilization from 
Sarcoplasmic Reticulum Ca 2+ Stores in Pulmonary Artery 
Smooth Muscle 

Our most recent findings are contrary to the view that inhibition of 0 2 - 
sensing K + channels represents the primary trigger for HPV, and these findings 
question the pre-eminence of the endothelium in mediating maintained HPV. 
Rather, they point to a pivotal role for Ca 2+ release from sarcoplasmic reticulum 
(SR) stores in the smooth muscle. Previous investigations on isolated pulmonary 
artery smooth muscle cells have reported an increase in intracellular Ca 2+ by 
hypoxia after removal of extracellular' Ca 2+ (23, 30, 58). Furthermore, isolated 
pulmonary arteries have been shown to constrict in response to hypoxia in the 
absence of extracellular Ca 2+ (23, 28), and evidence has been provided to support 
a role for SRCa 2+ release in mediating HPV (23, 29, 58). It is important to note, 
however, that the duration of exposure to hypoxia in all of the aforementioned 
studies was sufficient only to observe the initial transient constriction by hypoxia 
(i.e., phase 1). In short, these studies did not offer the opportunity to assess the 
mechanisms that underpin maintained HPV. In this respect, our investigations 
differed significantly. 

7.1. The Effect of Removal of Extracellular Ca 2+ on HPV in Isolated 
Arteries 

In agreement with the investigations of others (23, 29, 58), and within a 
similar time scale, we find that hypoxia promotes phase 1 of HPV by stimulating 
Ca 2+ release from ryanodine-sensitive SR stores in the smooth muscle (12, 13). 
However, we have now provided compelling evidence in support of a pivotal 
role for continued SR Ca 2+ release in the maintenance of sustained HPV in 
isolated pulmonary arteries both with and without endothelium (12, 13, 66). 
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As mentioned previously, our experiments suggest that in arteries without 
endothelium the phase 1 constriction declines to a maintained plateau above 
baseline and that this plateau constriction remains throughout the period of 
exposure to hypoxia. Thus, the slow tonic constriction is endothelium-dependent 
(13), whilst phase 1 and a residual plateau constriction are likely mediated by 
mechanisms intrinsic to the smooth muscle (12, 13, 66). Even more surprising 
(considering the proposal that voltage-gated Ca 2+ influx triggers HPV) (47,48, 
68) was our finding that HPV, in pulmonary arteries without endothelium, 
remained unaffected after removal of extracellular Ca 2+ (Fig. 1C and D) (12). 
Importantly, and in marked contrast, constriction by K + (i.e., due to membrane 
depolarization and voltage-gated Ca 2+ influx) was abolished (Fig. 1C and D) 
(13). Consistent with the idea that Ca 2+ release from SR stores may mediate 
HPV, we found that depletion ofSRCa 2+ stores by preincubation with ryanodine 
and caffeine abolished constriction by hypoxia (12,13). Furthermore, we found 
constriction by K + to remain unaffected in the presence ofryanodine, caffeine, 
and hypoxia ( 12, 1 3). Clearly, these findings are in conflict with the proposal that 
HPV is triggered by inhibition of 0 2 -sensitive K + channels and voltage-gated 
Ca 2+ influx (10, 47, 48, 50, 63, 68). On the contrary, they strongly suggest that 
hypoxia initiates (phase 1 ) and maintains (phase 2) acute HPV by triggering Ca 2+ 
release from ryanodine-sensitive SR stores in the smooth muscle. Irrespective of 
this, our findings are consistent with the observation that Ca 2+ channel 
antagonists may act as weak inhibitors of HPV (1 1, 29, 42, 58), because these 
compounds also inhibit SR Ca 2+ release in arterial smooth muscle (see below) 
(57). 

Our finding that a significant component of maintained HPV persists in the 
absence of extracellular Ca 2+ may at first appear contrary to previous 
investigations, which showed that removal of extracellular Ca 2+ markedly inhibits 
HPV. However, a number of investigations report a proportion of HPV to be 
insensitive to the removal of extracellular Ca 2+ (23, 26, 28). Thus, our findings 
may be in closer agreement than may be apparent at first sight. This is due to the 
fact that we also found that removal of extracellular Ca 2+ blocks the release ofthe 
endothelium-derived vasoconstrictors) by hypoxia (Fig. 1A, C and D) (13). 
Variations in the proportion of HPV which is sensitive to removal of 
extracellular Ca 2+ may therefore be due to differences in experimental protocol, 
and hence variations in the relative contribution to HPV of the smooth muscle 
and ofthe endothelium, respectively (18). 

It has been noted that an excess of pre-constriction, hypoxia or initial tension 
can lead to a reduction in tension to below baseline during phase 2 of HPV in 
isolated arteries (1). Consistent with these proposals, we find that applied pre- 
constriction reduces the component of maintained HPV that is dependent on SR 
Ca 2+ release (13) and may therefore down-regulate SR Ca 2+ release by hypoxia. 
Secondly, we find the relationship between the degree of hypoxia and 
constriction due to maintained SR Ca 2+ release in smooth muscle to be bell- 
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shaped (see below) (15). Thus, the contribution to HPV of smooth muscle SR 
Ca 2+ release may vary depending on the degree of hypoxia applied. Finally, 
anaesthetics (e.g., pentobarbitone) inhibit and can even reverse HPV (46), and 
after pentobarbitone anaesthesia we find it impossible to induce HPV in isolated 
pulmonary arteries in the absence of pre -constriction (13, 18). This may be due, 
in part, to disruption ofCa 2+ signaling in the smooth muscle (13, 52). Taking the 
above into consideration, it is quite possible that when HPV is supported by pre- 
constriction in the absence or presence of pentobarbitone anaesthesia and/or 
extreme hypoxia, the balance of HPV may swing towards endothelium- 
dependent mechanisms of constriction. Clearly, under such conditions, 
maintained HPV could appear' entirely dependent on extracellular Ca 2+ , because 
the release of the endothelium-derived vasoconstrictor is driven by Ca 2+ influx 
into endothelial cells (13). 

At this juncture it is important to consider two further points. Firstly, when 
agents are used to pre-constrict pulmonary arteries, they may bias investigations 
towards the study of the modulation by hypoxia of those mechanisms activated 
by the applied vasoconstrictor, and away from the study of HPV perse. This is 
especially significant when using agents whose mechanism of constriction is 
unclear. Secondly, since HPV is a vital homeostatic mechanism, when hypoxia 
fails to constrict pulmonary arteries in the absence ofpre-constriction in a given 
experimental model, it may be useful to focus on the physiological parameters 
of the model rather than artificial adjustment (e.g., pre-constriction) to procure 
a response. The significance of this point cannot be underestimated, given that 
the effects of hypoxia are likely mediated by changes in the metabolic status 
within 0 2 -sensing cells (see Chapter 18). 

8. Selective Block of Phase 1 of Hypoxic Pulmonary 
Vasoconstriction in Isolated Arteries 

Many studies have shown that phase 1 of HPV may be inhibited by Ca 2+ 
channel blockers (1 1, 32, 42, 58), or by depletion of ryanodine-sensitive SRCa 2+ 
stores (12,13, 23, 29, 58). More recently, it has been proposed that inhibition of 
SR Ca 2+ ATPase activity (12, 52) and subsequent activation of Ca 2+ entry via a 
store-refilling current may underpin phase 1 of HPV (52). 

Our investigations proved to be consistent with all of the above except for 
a role for Ca 2+ entry via a store -refilling current. As mentioned previously, we 
found that depletion of ryanodine-sensitive SR Ca 2+ stores abolished both phase 
1 and the maintained plateau constriction in pulmonary arteries without 
endothelium (12, 13). In contrast, however, other pharmacological manoeuvres 
had discrete effects on phase 1 of HPV. 

We found phase 1, but not phase 2 of HPV to be abolished by pre-incubation 
of isolated pulmonary arteries with nifedipine, a Ca 2+ channel antagonist, in the 
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absence of extracellular Ca 2+ (Fig. 2C a) (Dipp and Evans, unpublished data). 
Thus, nifedipine is most likely blocking SR Ca 2+ release by hypoxia, as predicted 
by previous investigations on systemic artery smooth muscle (57). Whatever the 
mechanism, however, nifedipine is clearly without effect on maintained smooth 
muscle constriction by hypoxia, and is therefore unable to block maintained 
smooth muscle SR Ca 2+ release by hypoxia. 
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Figure. 2. Pharmacological separation of 3 components of HPV in isolated pulmonary arteries. 
Black indicates component 1, grey indicates component 2, and white indicates component 3. A: 
Constriction by hypoxia of an artery ring with (a and b) or without © and d) endothelium in the 
presence of cyclopiazonic acid (a and c) or 8-bromo-cADPR (b and d). B: Constriction by 
hypoxia of an artery ring without endothelium in the absence of extracellular Ca 2 * and in the 
presence of La 2+ (a) or in the presence of 8-bromo-cADPR and K + -induced pre-constriction (b). 
C: Constriction by hypoxia of an artery ring with endothelium in the absence of extracellular Ca 2+ 
and in the presence of nifedipine (a) or in the presence of 8-bromo-cADPR and KMnduced pre- 
constriction ( b ). 



Consistent with the findings of Robertson et al. (52), we also found that pre- 
incubation of pulmonary arteries with an SR Ca 2+ ATPase antagonist, 
cyclopiazonic acid, abolished phase 1 of HPV, and without effect on maintained 
smooth muscle constriction by hypoxia (Fig. 2A a and Ac) (12). In contrast to 
Robertson et al. (52), however, we find no evidence for the involvement of 
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capacitative Ca 2+ entry during phase 1 , because removal of extracellular Ca 2+ 
under the conditions of our experiments had no effect on HPV in arteries without 
endothelium (Fig. 1C) ( 13). Moreover, we found that lanthanum, which has been 
used as a selective blocker of the store-refilling current (52), also blocked phase 

1 of HPV after removal of extracellular Ca 2+ , raising the possibility that 
lanthanum is also capable of inhibiting a component of SR Ca 2+ release at 
relatively low concentrations (Fig. 2B a) (Dipp and Evans, unpublished data). 
Despite these facts it is important to note that store refilling by some route likely 
occurs during prolonged exposure to hypoxia (60), will certainly be required to 
maintain SR Ca 2+ release, and may be modulated by hypoxia (31). 

Contrary to our findings, Robertson et al. (52) found no evidence of a 
ryanodine- and caffeine-sensitive component of constriction. We have no 
concrete explanation for these differences, but they may result from the use of 
pre-constriction, pentobarbitone anaesthesia, and/or the “physiological” 
parameters within which HPV was induced. One or a combination of these 
factors may also explain the varied dependence of phase 1 of HPV on 
extracellular Ca 2+ under different experimental conditions. 

Strikingly, we also found cyclopiazonic acid to be without effect on phase 

2 of HPV in arteries without endothelium (Fig. 2 Ac) (12), even though Ca 2+ 
release from ryanodine-sensitive SR stores in the smooth muscle underpins both 
phases of HPV. Thus, it is possible that phase 1 may be mediated by inhibition 
of SR Ca 2+ ATPase activity by a fall in ATP supply (36, 59), and a consequent 
increase in net Ca 2+ efflux from the SR via ryanodine receptors (RyRs). To 
achieve this whilst allowing for a second phase of maintained SR Ca 2+ release, 
however, one would require the presence of at least two spatially segregated 
intracellular Ca 2+ stores each served by a discrete SR Ca 2+ ATPase (SERCA) 
subtype, one being sensitive to cyclopiazonic acid whilst the other is not (7). 
Alternatively, other mechanisms sensitive to cyclopiazonic acid may be involved 
(see below). 

9. Cyclic Adenosine Diphosphate-Ribose (cADPR), SR Ca 2+ 
Release and Maintained Hypoxic Pulmonary Vasoconstriction 
in Isolated Pulmonary Arteries 

Given our finding that maintained HPV in arteries without endothelium was 
abolished by depletion ofryanodine-sensitive intracellular stores, we considered 
the possibility that an endogenous regulator of RyRs may be involved. This led 
us to investigate the role of a novel Ca 2+ mobilizing pyridine nucleotide, namely 
cyclic adenosine diphosphate ribose (cADPR) (37). The enzymes that synthesize 
(ADP-ribosyl cyclase/CD38) and metabolize (cADPR hydrolase) cADPR are 
present in many cell types including arterial smooth muscle (37, 66), and, 
significantly, an elevation in cADPR levels has previously been shown to 
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sensitize Ca 2+ -induced Ca 2+ release via RyRs in the SR and to induce SR Ca 2+ 
release by RyR activation (22). Furthermore, we were struck by the fact that 
cADPR was a P-NAD + metabolite, since hypoxia had been shown to increase 0- 
NADH levels in all 0 2 -sensing cells studied to date (5, 59, 67). This offered the 
possibility that cADPR synthesis itself may, in some way, be sensitive to 
changes in the metabolic state of pulmonary artery smooth muscle. 



A B C 




Figure 3. Synthesis and metabolism of cADPR in pulmonary arteries and the effect of hypoxia. 
A and B: Synthesis of cADPR from J3-NAD + (A) and metabolism of cADPR (B) in smooth muscle 
homogenates from a series of pulmonary (PA) and mesenteric (MA) arteries. C: Relative cADPR 
levels in 2nd or 3rd order branches of the pulmonary artery in the presence of normoxia and 
hypoxia, respectively. 



9.1. ADP-ribosyl Cyclase and cADPR Hydrolase Activities are 
Differentially Distributed in Pulmonary Versus Systemic Artery 
Smooth Muscle 

Given the fact that HPV is the critical and distinguishing characteristic of 
pulmonary artery smooth muscle, our initial investigations into the role of 
cADPR in HPV focused on measurements of the enzyme activities for the 
synthesis and metabolism of cADPR in pulmonary versus systemic artery 
smooth muscle. Our findings were striking, in that the enzyme activities for the 
synthesis and metabolism of cADPR were at least an order of magnitude higher 
in homogenates of pulmonary artery smooth muscle than in those of aortic or 
mesenteric artery smooth muscle (Fig. 3A and B) (66). Thus, the differential 
distribution of these enzyme activities offered the pulmonary selectivity required 
of a mediator of HPV. Ofperhaps even greater significance was the finding that 
the level of these enzyme activities was inversely related to pulmonary artery 
diameter (Fig. 3A and B) (66), given that the magnitude of constriction by 
hypoxia has also been shown to be inversely related to pulmonary artery 
diameter (32, 35). 
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9.2. Hypoxia Increases cADPR Content in Pulmonary Arterial 
Smooth Muscle 

The possibility that hypoxia may promote HPV, in part, by increasing 
cADPR accumulation in pulmonary artery smooth muscle, gained strong support 
from direct measurements of cADPR content using a [ 32 P]cADPR binding assay. 
Hypoxia (16-21 Toit) increased cADPR levels 2-fold in 2nd order branches of 
the pulmonary artery, and 10-fold in 3rd order branches (Fig. 3C) (66). Thus, 
like constriction by hypoxia and the distribution of the enzyme activities for 
cADPR synthesis and metabolism, the increase in cADPR content induced by 
hypoxia was inversely related to pulmonary artery diameter (66). 

9.3. The cADPR Antagonist 8-Bromo-cADPR Blocks Phase 2 but not 
Phase 1 ofHPV 

The effects of 8-bromo-cADPR, a cADPR antagonist, on HPV were quite 
different from the effects of ryanodine and caffeine, cyclopiazonic acid, 
nifedipine and lanthanum (La 3+ ), respectively (Fig. 2). In isolated pulmonary 
arteries with and without the endothelium, 8-bromo-cADPR had no effect on 
phase 1 of HPV. However, it abolished phase 2 in the presence of the pulmonary 
artery endothelium, and blocked the maintained plateau constriction observed in 
arteries without endothelium (Fig. 2A b and Ad, respectively) (12, 66). Thus, 
while cADPR-dependent SR Ca 2+ release may maintain acute HPV in isolated 
pulmonary artery rings, it does not mediate the phase 1 constriction (12, 66). 
This is the exact reverse of the effect of cyclopiazonic acid, and is consistent 
with our proposal that there may be two 0 2 -sensitive mechanisms of SR Ca 2+ 
release in pulmonary artery smooth muscle. 

Because 8-bromo-cADPR abolished phase 2 of HPV in pulmonary arteries 
with the endothelium intact, this raised the possibility that 8-bromo-cADPR also 
blocked the release or action of the endothelium-derived vasoconstrictor(s). 
However, when we pre-constricted arteries by depolarization using a submaximal 
concentration ofK + (i.e., by Ca 2+ from a source independent of the SR), the slow 
tonic constriction associated with phase 2 ofHPV was recovered (Fig. 2BZ?) 
(12,66). In marked contrast, the plateau constriction induced by hypoxia in 
arteries without endothelium was not recovered with K + -induced pre-constriction 
in the continued presence of 8-bromo-cADPR (Fig. 2C b) (12). Collectively, 
these data suggest that an increase in cADPR levels mediates maintained smooth 
muscle SR Ca 2+ release by hypoxia, but is not a pre-requisite for vasoconstrictor 
release from pulmonary artery endothelial cells (12). The block of the 
endothelium-dependent component ofHPV by 8-bromo-cADPR is therefore 
indirect. 




93 



9.4. 8-Bromo-cADPR Inhibits Hypoxic Pulmonary Vasoconstriction 
in the Rat Lung in-situ 

When added to the perfusate ofthe isolated, ventilated and perfused rat lung 
in-situ, the cADPR antagonist, 8-bromo-cADPR, abolished acute HPV induced 
by alveolar hypoxia (2% 0 2 ) (12). Thus, an increase in smooth muscle cADPR 
levels, and cADPR-dependent SR Ca 2+ release may be the primary trigger for 
HPV by alveolar hypoxia in the lung. This is evidenced by the pharmacological 
separation ofthe three primary components of acute HPV in isolated pulmonary 
arteries (Figs. 1 and 2): a ) The phase 1 constriction ofthe smooth muscle driven 
by a cADPR-independent mechanism of SR Ca 2+ release; b ) The plateau 
constriction associated with phase 2 of HPV and mediated by cADPR-dependent 
Ca 2+ release via RyRs in the smooth muscle SR stores, and c) The slow tonic 
constriction during phase 2 of HPV that is mediated by the release of an 
endothelium-derived vasoconstrictor. Because component 1 and component 3 are 
insensitive to 8-bromo-cADPR, 8-bromo-cADPR likely blocks HPV in the lung 
by selectively inhibiting cADPR-dependent SR Ca 2+ release in the smooth 
muscle. 

Because phase 1 of HPV in isolated pulmonary arteries remains unaffected 
in the presence of 8-bromo-cADPR, the mechanisms involved do not appeal' to 
contribute to HPV in the lung under the conditions of our experiments. It is 
surprising, therefore, that phase 1 in isolated pulmonary arteries is so 
pronounced. One explanation for this could be that the fall in Po 2 around an 
isolated pulmonary artery in the sealed experimental chamber was faster than it 
was when associated with alveolar hypoxia in the lung. This may result in a more 
pronounced fall in smooth muscle ATP levels in isolated pulmonary arteries (36, 
59), and greater inhibition ofSR Ca 2+ ATPase (SERCA) activity. Consequently, 
this may trigger a greater rate of Ca 2+ release from the SR in isolated pulmonary 
arteries than observed in the lung. It is possible, therefore, that either a 
monophasic cADPR-dependent pulmonary vascular smooth muscle constriction, 
or a biphasic vasoconstriction (12, 64, 71) may be triggered in the lung in a 
manner dependent on the experimental conditions (e.g., perfusion pressure, 
severity of oxidative stress). 

In addition, our findings strongly suggest that although physiological 
concentrations of the endothelium-derived vasoconstrictor may sensitize the 
pulmonary vascular smooth muscle contractile apparatus to Ca 2+ (14, 18, 5 1 , 53), 
Ca 2+ -sensitization by this mechanism alone may not be sufficient to promote 
acute HPV in the absence of cADPR-dependent SR Ca 2+ release from the smooth 
muscle SR stores. Our findings also suggest that changes in levels of other 
vasoactive substances (e.g., nitric oxide) may act as secondary modulators of 
HPV. 
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10. Metabolic Regulation of cADPR Accumulation 



Our findings and those of others offer two possible mechanism by which 
hypoxia may regulate cADPR synthesis and thereby promote HPV. Our findings 
suggest that an increase in cADPR levels by hypoxia may be mediated, in part, 
by an increase in 0-NADH levels, which has been shown to occur in pulmonary 
artery smooth muscle (59). Alternatively, cADPR synthesis could be increased 
as a result of superoxide generation by mitochondria (34), or by a previously 
unidentified mechanism (see Chapter 18). 
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Figure 4. A Po 2 window for HPV in isolated arteries. A: Maintained constriction by hypoxia 
increases in magnitude between 50 and 60 Torr, but fails under near anoxic conditions (5-8 Torr). 
In contrast, the transient phase 1 constriction increases in magnitude progressively between 50 
and 5 Torr. B: cADPR levels in pulmonary artery smooth muscle from 3rd order branches of the 
pulmonary artery tree under normoxic (20% 0 2 ), hypoxic (2% 0 2 ), and near anoxic (0% 0 2 , 5-8 
Torr) conditions, respectively. C: Effect of step-wise changes in 0 2 supply on a pulmonary artery 
ring without endothelium, after induction of maintained HPV with 2% 0 2 (16-21 Torr). 



11. P0 2 Dependence of Hypoxic Pulmonary Vasoconstriction 

Our previous investigations established that hypoxia fails to induce 
constriction at PO 2 >60 Torr, and that the magnitude of HPV increases in a 
manner dependent on the severity of hypoxia between 60 and 16 Torr, as one 
would expect (Fig. 4A) (12). However, further consideration of cADPR 
metabolism led us to propose that there may be a P0 2 window within which 
hypoxia can promote cADPR synthesis, cADPR-dependent SR Ca 2+ release and, 
therefore, maintained HPV (18, 66). This is evident from the fact that cADPR is 
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a P~NAD + metabolite, whilst (5-NADH is a poor substrate for cADPR synthesis 
in pulmonary artery smooth muscle (66). Therefore, as 0-NADH levels increase 
progressively with the severity of hypoxia there will be a consequent fall in 0- 
NAD + levels, the substrate for cADPR. Thus, at a given Po 2 , we would expect a 
fall in cADPR levels due to reduced substrate availability at a point determined 
by the kinetics of cADPR synthesis (see Chapter 18). Our most recent findings 
support this proposal. When we stepped from 20% 0 2 to 0% 0 2 (near anoxic 
conditions, 5-8 Torr) the transient phase 1 constriction increased in magnitude 
by approximately 10%. Surprisingly, however, phase 2 ofHPV (i.e., maintained 
HPV) was abolished (Fig. 4A). This was associated with a concomitant reduction 
in cADPR accumulation in the smooth muscle under near anoxic conditions (5-8 
Torr, Fig. 4B) (15), consistent with the view that the plateau constriction by 
hypoxia is mediated by cADPR-dependent SR Ca 2+ release, and that this is 
required to support further endothelium-dependent constriction by hypoxia (15). 
Furthermore, when we induced maintained FIPV in arteries without endothelium, 
by stepping from 20% 0 2 to 2% 0 2 , further reductions in P0 2 resulted in a 
reversible decline in the maintained cADPR-dependent plateau constriction (Fig. 
4C) (15). It would appear, therefore, that there is a P0 2 window within which 
cADPR accumulation in pulmonary artery smooth muscle and maintained HPV 
may be induced by smooth muscle SR Ca 2+ release by hypoxia. We cannot be 
certain of the physiological relevance of the P0 2 window. Given that HPV is a 
vital homeostatic mechanism, however, it would seem sensible to have a failsafe. 
Thus a P0 2 window for HPV may protect against a life-threatening fall in 0 2 
supply to the airways. Under these conditions, failure ofmaintained HPV would 
maximize gaseous exchange and thereby help preserve life. 

The presence of a P0 2 window for HPV is not, however, consistent with a 
role for 0 2 -sensing K + channels. This is clear from the fact that inhibition of K + 
currents by hypoxia is progressive, and peaks under near anoxic conditions (47), 
i.e., when maintained HPV fails. 

12. Inhibition of cADPR-dependent Dilation by Hypoxia 

Cyclopiazonic acid inhibits phase 1 of HPV without any effect on 
maintained constriction by hypoxia. We mentioned at the time that cyclopiazonic 
acid may act to deplete a Ca 2+ store that is functionally discrete from that which 
serves cADPR-dependent SR Ca 2+ release by hypoxia. Our most recent 
investigations provide strong support for this conclusion. We have demonstrated 
that cADPR mediates, in part, vasodilation by adenylyl cyclase-coupled 
receptors, such as [3-adrenoceptors, by releasing Ca 2+ from a cyclopiazonic acid- 
sensitive SR compartment proximal to the plasma membrane, and possibly via 
the activation of a discrete subtype of RyRs (7). This subplasmalemmal Ca 2+ 
release recruits BKo, channels, leading to hyperpolarization and, ultimately, 
vasodilation (7). It is possible, therefore, that SR Ca 2+ release by hypoxia serves 
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two purposes. Hypoxia may primarily trigger constriction by cADPR-dependent 
Ca 2+ release from a central SR compartment that is in close apposition to the 
contractile apparatus, and is served by a cyclopiazonic acid-insensitive SERCA. 
A secondary action of hypoxia may be, however, to deplete peripheral SR 
compartments that are in close apposition to the plasma membrane, served by a 
cyclopiazonic acid-sensitive SERCA, and which normally mediate vasodilation 
by releasing Ca 2+ proximal to the plasma membrane. Consistent with this 
proposal, is our finding that cyclopiazonic acid induces a transient constriction 
in pulmonary arteries (7). Further support for this proposal may also be derived 
from the fact that hypoxia inhibits pulmonary vasodilation by P-adrenoceptors 
(41). Such inhibition may be facilitated if the metabolic status proximal to the 
plasma membrane confers a discrete P0 2 window for cADPR accumulation by 
limiting substrate (p-NAD + ) supply under hypoxic conditions (see Chapter 18). 
It is possible, therefore, that these processes may lead to a secondary reduction 
in BK Ca conductance by hypoxia, as described by Post et al. (50). 

Regulation by cADPR ofCa 2+ release from an SR compartment proximal to 
the plasma membrane may, however, have wider implications. For example, a 
P0 2 window for cADPR accumulation by hypoxia may also underpin 0 2 -induced 
pulmonary artery dilation after birth, which has been shown to be mediated, at 
least in part, by opening of BK Ca channels and smooth muscle hyperpolarization 
(49). In addition, the relatively low level of the enzyme activities for cADPR 
synthesis and metabolism in systemic artery smooth muscle, may point to a role 
for cADPR-dependent recruitment of BKc a channels in hypoxia-induced 
systemic artery dilation. If this is the case, however, the Po 2 -dependence of 
cADPR accumulation, the spatial organization of the Ca 2+ mobilizing pathways, 
and the ability of systemic artery smooth muscle to retain peripheral SR Ca 2+ 
stores under hypoxia may also be determining factors. 

13. Is There a Role for Other Ca 2+ Mobilizing Messengers in 
Hypoxic Pulmonary Vasoconstriction? 

We have recently demonstrated that nicotinic acid adenine dinucleotide 
phosphate (NAADP), a P-NADP + metabolite (37), is a potent Ca 2+ mobilizing 
messenger in pulmonary artery smooth muscle (6). NAADP appears to trigger 
spatially restricted Ca 2+ bursts from a thapsigarg in- insensitive store, which may 
be a lysosomal-related organelle (9). These ‘Ca 2+ bursts’ are then amplified into 
a global Ca 2+ wave by Ca 2+ -induced Ca 2+ release (CICR) via RyRs in the SR, 
leading to smooth muscle contraction (6). Given that cADPR sensitizes RyRs to 
CICR, these findings raise the possibility that NAADP may act in concert with 
cADPR to promote HPV. Such tight coupling of NAADP-dependent CICR to 
cADPR levels could also explain the all-or-none block of HPV by the cADPR 
antagonist 8-bromo-cADPR (12). However, further investigations are required 
to determine whether or not NAADP plays a role in HPV. 




97 




Vasodilator 



Plasma Membrane 



Ukap.s[ 



Adenylyl 

cyclase 



cAMP 



ADP-ribosyl 

cylase 



1SERCA-A 



Caveolae 



ADP+Pi 




CaM 



OUI tPi 



Contractile Apparatus 



*,+ 



^ADPR<>|Xe rib0Sy,! 



Figure 5. Proposed spatial organization of two functionally discrete pathways of cADPR- 
dependent SR Ca 2+ release in pulmonary artery smooth muscle. MLCK, myosin light chain 
kinase; SERCA, SR Ca J+ ATPase subtype; PKA, protein kinase A; AKAPS, A kinase anchoring 
proteins; G„ adenylyl cyclase-coupled heterotrimeric G-protein; BKq,, Ca 2+ -activated K + channel; 
cADPR, cyclic adenosine diphosphate ribose; PSR, peripheral SR; CSR, central SR. 



14. Summary 

It is now clear that HPV is a multifactorial process. In isolated arteries an 
initial transient constriction is induced, in part, by depletion of an SR 
compartment proximal to the plasma membrane, and may lead to consequent 
inhibition of vasodilation by adenylyl cyclase coupled receptors. Depletion of 
this SR compartment may result from inhibition of a cyclopiazonic acid-sensitive 
SERCA pump and/or an as yet unidentified mechanism of SR Ca 2+ release. 
Concomitant, cADPR-dependent Ca 2+ release via RyRs in a central SR 
compartment may then promote maintained constriction by hypoxia (Fig. 5). 
Further progression of HPV will then be ensured by transmembrane Ca 2+ influx 
into pulmonary artery endothelial cells, and subsequent vasoconstrictor release; 
whilst cADPR is not a pre-requisite for activation of the endothelium we cannot, 
however, rule out a modulatory role. 

Despite the fact that acute hypoxia depresses membrane K + conductance in 
pulmonary artery smooth muscle cells, we find no evidence of a primary role for 
membrane depolarization in acute HPV. It seems likely, therefore, that this 
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effect may serve to increase the susceptibility of smooth muscle to depolarization 
and/or to limit, by depolarization, Ca 2+ sequestration by the Na + /Ca 2+ exchanger. 
However, the impact of reduced K + channel expression and depolarization in 
pulmonary artery smooth muscle may be more significant during the 
development of chronic HPV (see Chapter 10). 

Clearly, our studies and those of others have identified numerous and 
divergent pathways that may contribute in some way to HPV. Each of these 
divergent processes is likely regulated by a “primary metabolic sensor” and/or 
the subsequent activation of intermediates within a bifurcating enzymatic 
cascade. In the field of HPV, the principal challenge for the future must, 
therefore, be to identify this “primary metabolic sensor” and to characterize the 
signal transduction pathway (see Chapter 18). 



Acknowledgments 

We would like to thank Professor Antony Galione and Dr. Piers Nye for 
helpful discussion throughout our investigations described. In addition, we 
would like to thank the Wellcome Trust for providing financial support. 

References 

1. Aaronson PI. Robertson TP, and Ward JPT. Endothelium-derived mediators and hypoxic 
pulmonary vasoconstriction. Resp. Physiol. Neurobiol. 2002; 132:107-120. 

2. Archer SL, Huang J, Henry T, Peterson D, and Weir EK. A redox-based 0 2 sensor in rat 
pulmonary vasculature. Circ. Res. 1993;73:1100-1112. 

3. Batirel HF. Early Islamic physicians and thorax. Ann. Thorac. Surg. 1999; 67:578-580. 

4. Bergofsky EH. Haas F, and Porcelli R. Determination of the sensitive vascular sites from 
which hypoxia and hypercapnia elicit rises in pulmonary arterial pressure. Fed. Proc. 1968; 
27:1420-1425. 

5. Biscoe TJ, and Duchen MR. Responses of type I cells dissociated from the rabbit carotid body 
to hypoxia. J. Physiol. London, 1990; 428:39-59. 

6. Boittin F-X, Galione A. and Evans AM. Nicotinic acid adenine dinucleotide phosphate 
mediates Ca 2+ signals and contraction in arterial smooth muscle via a two-pool mechanism. 
Circ. Res. 2002^91:1 168-1 175. 

7. Boittin F-X, Dipp M, KinnearN P, Galione A. and Evans AM. Vasodilation by the calcium 
mobilising messenger cyclic ADP-ribose. J. Biol. Chem. 2003: 278:9602-9608. 

8. Bradford JR, and Dean HP. The pulmonary circulation. J. Physiol. 1894; 16:34-96. 

9. Churchill GC. Okada Y, Thomas JM, Genazzani AA, Patel S, and Galione A. NAADP 
mobilizes calcium from reserve granules, a lysosomal-related organelle, in sea urchin eggs. 
Cell. 2002; 111:703-708. 

10. Cornfield D, Stevens T, McMurty I. Abman S, and Rodman D. Acute hypoxia causes 
membrane depolarization and calcium influx in fetal pulmonary artery smooth muscle cells. 
Am. J. Physiol. 1994; 266:L469-L475. 

11. Demiryurek AT, Wadsworth RM, and Kane KA. Pharmacological evidence for the role of 
mediators in hypoxia-induced vasoconstriction in sheep isolated arteries. Eur. J. Pharmacol. 
1991;203:1-8. 




99 



12. Dipp M, and Evans AM. cADPR is the primary trigger for hypoxic pulmonary 
vasoconstriction in the rat lung in-situ. Circ. Res. 2001; 89:77-83. 

13. Dipp M, Nye PCG, and Evans AM. Hypoxia induces sustained sarcoplasmic reticulum 
calcium release in rabbit pulmonary artery smooth muscle in the absence of calcium influx. 
Am. J. Physiol. 2001 ; 28 1 :L3 1 8-L325. 

14. Dipp M, Nye PCG, and Evans AM. The vasoconstrictor released by hypoxia into the rat 
pulmonary circulation acts through a rho-associated kinase pathway and is removed during 
alveolar normoxia. J. Physiol. 2001; 231P:96P. 

15. Dipp M, Thomas JM, Galione A, and Evans AM. A P0 2 window for smooth muscle cADPR 
accumulation and constriction by hypoxia in rabbit pulmonary arteries. J. Physiol. 2003; 547 
P:72C. 

16. Duke HN. Pulmonary vasomotor responses of isolated perfused cat lungs to anoxia and 
hypercapnia. Q. J. Eper. Physiol. 1951; 36:75-88. 

17. Dumas JP. Batdou M, Goirand F, and Dumas M. Hypoxic pulmonary vasoconstriction. Gen. 
Pharmacol. 1999; 33:289-297. 

18. Evans AM, Dipp M. 2002. Hypoxic pulmonary vasoconstriction: cyclic adenosine 
diphosphate-ribose, smooth muscle calcium stores and the endothelium. Resp. Physiol. 
Neurobiol. 2002; 132: 3-15. 

19. von Euler US, and Liljestrand G. Observations on the pulmonary arterial blood pressure in the 
cat. Ada Physiol. Scand. 1946; 12:301-320. 

20. Fishman AP. Hypoxia on the pulmonary circulation. How and where it acts. Circ. Res. 1976; 
38:221-231. 

21. Gaine SP, Hales MA. and Flavahan NA. Hypoxic pulmonary endothelial cells release a 
diffusible contractile factor distinct from endothelin. Am. J. Physiol. 1998; 274: L657-L664. 

22. Galione A, Lee HC, and BusaWB. Ca 2+ -inducedCa 2+ release in sea urchin egg homogenates: 
modulation by cyclic ADP-ribose. Science. 1991; 253:1 143-1 146. 

23. Gelband CH, and Gelband H. Ca 2+ release from intracellular stores is an initial step in hypoxic 
pulmonary vasoconstriction ofrat pulmonary artery resistance vessels. Circulation. 1991; 96: 
3647-3654. 

24. Gonzalez C, Sanz-Alfayate G, Agapito MT, Gomez-Nino A. Rocher A, and Obeso A. 
Significance of ROS in oxygen sensing in cell systems with sensitivity to physiological 
hypoxia. Resp. Physiol. Neurobiol. 2002; 132:17-41. 

25. Hales CA, and Westphal DM. Pulmonary hypoxic vasoconstriction: not affected by chemical 
sympathectomy. J. Appl. Physiol. 1979; 46:529-533. 

26. Harder DR, Madden JA. and Dawson C. Hypoxic induction of calcium-dependent action 
potentials in small pulmonary arteries of the rat. J. Appl. Physiol. 1985; 59:1389-1393. 

27. Holden WE, and McCall E. Hypoxia-induced contractions ofporcine pulmonary artery strips 
depend on intact endothelium. Exp. Lung Res. 1984; 7:101-112. 

28. Hoshino Y, Obara H, Kusunoki M, Fujii Y, and Iwai S. Hypoxic contractile response in 
isolated human pulmonary artery: role of calcium ion. J. Appl. Physiol. 1998; 65:2468-2474. 

29. Jabr RI, Toland H, Gelband CH, Wang XX, and Hume JR. Prominent role of intracellular 
Ca 2+ release in hypoxic vasoconstriction of canine pulmonary artery. Br. J. Pharmacol. 1997; 
122: 21-30. 

30. Kang TM, Park MK, and Uhm D Y. Characterisation ofhypoxia-induced calcium rise in rabbit 
pulmonary arterial smooth muscle. Life Sci. 2002; 70:2321-2333. 

31. Kang TM, Park MK, and Uhm DY. Effects of mitochondrial inhibition on the capacitative 
calcium entry in rabbit pulmonary arterial smooth muscle cells. Life Sci. 2003; 72:1467-1479. 

32. Kato M, and Staub NC. Response of small pulmonary arteries to unilobar hypoxia and 
hypercapnia. Circ. Res. 1966; 19:426-440. 

33. KovitzKL, Alesko witch JT. Sylvester JT, and Flavahan NA. Endothelium-derived contracting 
and relaxing factors contribute to hypoxic responses of pulmonary arteries. Am. J. Physiol. 
1993; 260:L516-L521. 

34. Kumasaka S, Shoji H, and Okabe E. Novel mechanisms involved in superoxide anion radical- 




100 



triggered Ca 2+ release from cardiac sarcoplasmic reticulum linked to cyclic ADP-ribose 
stimulation. Antioxidants & Redox Signalling. 1999; 1:55-69. 

35. Leach RM. Robertson TP, Twort CHC, and Ward JPT. Hypoxic vasoconstriction in rat 
pulmonary and mesenteric arteries. Am. J. Physiol. 1994; 266:L223-L231. 

36. Leach RM, Sheehan DW, Chacko VP, and Sylvester JT. Energy state, pH, and vasomotor tone 
during hypoxia in precontracted pulmonary and femoral arteries. Am. J. Physiol. 2000; 278: 
L294-L304. 

37. Lee HC. Physiological functions of cyclic ADP-ribose and NAADP as calcium messengers. 
Annu. Rev. Pharmacol. Toxicol. 2001; 41:317-345. 

38. Lejeune P, Brimioulle S, Leeman M, Hallemans R, Melot C, and Naeije R. Enhancement of 
hypoxic pulmonary vasoconstriction by metabolic acidosis in dogs. Anaesthesiology. 1990; 
73:256-264. 

39. Liu Q, Ham JSK, Shimoda A, and Sylvester JT. Hypoxic constriction of porcine distal 
pulmonary arteries: endothelium and endothelin dependence. Am. J. Physiol. 2001; 280: 
L856-L865. 

40. Malphigi M. Duae epistole de pulmonibus. Florence, 1661. 

41. McIntyre RC, Banerjee A, Bensard DD, Brew EC, Hahn AR, and Fullerton DA. Selective 
inhibition of cyclic adenosine monophosphate-mediated pulmonary vasodilation by acute 
hypoxia. Am. J. Physiol. 1994; 267:H2179-H21 85. 

42. McMurtry IF, Davidson AB, Reeves JT, and Grover RF. Inhibition of hypoxic pulmonary 
vasoconstriction by calcium channel antagonists in isolated rat lungs. Circ. Res. 1976; 38:99- 
104. 

43. Naeije R, Lejeune P, Leeman M, Melot C, and Closset J. Pulmonary vascular responses to 
surgical chemodenervation and chemical sympathectomy in dogs. J. Appl. Physiol. 1989; 66: 
42-50. 

44. Neely CF, Stein R, Matot I, Batra V, and Cheung A. Calcium blockage in pulmonary 
hypertension and hypoxic vasoconstriction. New Horiz. 1996; 4:99-106. 

45. Nissel O. Effects of oxygen and carbon dioxide on the circulation of isolated and perfused 
lungs of the cat. Acta Physiol. Scand. 1948; 16:121-127. 

46. Nye PCG, and Robertson BE. Reversal ofhypoxic pulmonary vasoconstriction in the isolated 
rat lung by pentobarbitone. J. Physiol. London. 1990; 424:59P. 

47. Olschewski A, Hong Z, Nelson D, and Weir EK. Graded response of K + current, membrane, 
and [Ca 2+ ] to hypoxia in pulmonary arterial smooth muscle. Am. J. Physiol. 2002; 283: L 1 143- 
L1150. 

48. Osipenko ON, Evans AM, and Gurney AM. A novel 0 2 -sensing potassium channel may 
mediate hypoxic pulmonary vasoconstriction. Br. J. Pharmacol. 1997; 120:1461-1470. 

49. Porter VA, Rhodes, MT, Reeve HL, and Cornfield DN. Oxygen-induced fetal pulmonary 
vasodilation is mediated by intracellular calcium activation of K(Ca) channels. Am. J. Physiol. 
Lung Cell Mol. Physiol. 2001; 281: L1379-L1385. 

50. Post J, Hume J, Archer S, and Weir E. Direct role for potassium channel inhibition in hypoxic 
pulmonary vasoconstriction. Am. J. Physiol. 1992; 262:C882-C890. 

51. Robertson TP, Aaronson PI, and Ward JPT. Hypoxic vasoconstriction and intracellular Ca 2+ 
in pulmonary arteries: evidence for PKC-independent Ca 2+ sensitization. Am. J. Physiol. 
1995; 268:H301-H307. 

52. Robertson TP, Hague D, Aaronson PI, and Ward JPT. Voltage-independent calcium entry in 
hypoxic pulmonary vasoconstriction of intrapulmonary arteries ofthe rat. J. Physiol. London. 
2000; 525:669-680. 

53. Robertson TP. Ward JPT, and Aaronson PI. Hypoxia induces the release of a pulmonary- 
selective, Ca 2+ -sensitising, vasoconstrictor from the perfused rat lung. Cardiovasc. Res. 2001; 
50:145-150. 

54. Robin ED, Theodore J, Burke CM, Oesterle SN, Fowler MB, Jamieson SW, Baldwin JC, 
Morris AJ, Hunt SA, and Vanskessel A. Hypoxic pulmonary vasoconstriction persists in the 
human transplanted lung. Clin. Sci. 1987; 72:283-287. 




101 



55. Roy CS, and Sherrington CS. The regulation of the blood supply of the brain. J. Physiol. 
1890; 11:85. 

56. Ruppersberg JP, Stocker M, Pongs O, Heinemann SH. Frank R, and Koenen M. Regulation 
of fast inactivation of cloned mammalian IK(A) channels by cysteine oxidation. Nature. 1991 ; 
352:711-714. 

57. Saida K, and van Breeman C. Mechanism of Ca** antagonist-induced vasodilation. 
Intracellular actions. Circ. Res. 1983; 52:137-142. 

58. Salvaterra CG. and Goldman WF. Acute hypoxia increases cytosolic calcium in cultured 
pulmonary arterial myocytes. Am. J. Physiol. 1993; 264:L323-L328. 

59. Shigemori K, Ishizaki T, Matsukawa S, Sakai A, Nakai T, and Miyabo S. Adenine nucelotides 
via activation of ATP-sensitive K + channels modulate hypoxic response in rat pulmonary 
arteries. Am. J. Physiol. 1996; 270:L803-L809. 

60. Vandier C, Delpech M, and Bonnet P. Flypoxia enhances agonist-induced pulmonary arterial 
contraction by increasing calcium sequestration. Am. J. Physiol. 1997; 273:H1075-H1081. 

61. Vejlstrup NG, and Dorrington KL. Intense slow hypoxic pulmonary vasoconstriction in gas- 
filled and liquid-filled lungs: an in-vivo study in the rabbit. Acta Phvsiologica Scand, 1993; 
148:305-313. 

62. Voelkel NF. Mechanisms of hypoxic pulmonary vasoconstriction. Am. Rev. Respir. Dis. 1986; 
133:1186-1195. 

63. Weir E, and Archer S. The mechanism of acute hypoxic pulmonary vasoconstriction: the tale 
of two channels. FASEB. 1995; 9:183-189. 

64. Welling KL, Sanchez R, Ravn JB, Larsen B, and Amtorp O. Effect of prolonged alveolar 
hypoxia on pulmonary arterial pressure and segmental vascular resistance. J. Appl. Physiol. 
1993;75:1194-1200. 

65. Whitteridge G. The anatomical drawings of William Harvey. Edinburgh: Livingstone, 1964. 

66. Wilson HL, Dipp M, Thomas JM, Lad C, Galione A, and Evans AM. ADP-ribosyl cyclase 
and cyclic ADP-ribose hydrolase act as a redox sensor: a primary role for c ADPR in hypoxic 
pulmonary vasoconstriction. J. Biol. Chem. 2001;276:11180-11188. 

67. Youngson C, Nurse C, Yeger H. and Katz E. Oxygen sensing in airway chemoreceptors. 
Nature. 1993; 356:153-155. 

68. Yuan X-J, Goldman WF, Tod ML, Rubin LJ, and Blaustein MP. Hypoxia reduces potassium 
currents in cultured rat pulmonary but not mesenteric arterial myocytes. Am. J. Physiol. 1993; 
264L116-L123. 

69. Yuan X-J, Tod ML, Rubin LJ, Blaustein MP. Contrasting effects of hypoxia on tension in rat 
pulmonary and mesenteric arteries. Am. J. physiol. 1990; 259:H281-H289. 




Chapter 7 



Critical Role of Ca 2+ Sensitization in Acute Hypoxic 
Pulmonary Vasoconstriction 



Tom P. Robertson and Ivan F. McMurtry 

University of Georgia, Athens, Georgia and University of Colorado, Denver, Colorado, U.S.A. 



1. Introduction 

Hypoxic pulmonary vasoconstriction (HPV) is a multi-factorial process 
pivotal to maintaining the optimum matching of perfusion to ventilation (54). 
The precise mechanisms that underlie HPV are the subject of much debate, as 
reflected by the number and diversity of putative mechanisms detailed within this 
book. However, a fundamental aspect of this and other vascular smooth muscle 
contractile responses is that HPV must involve an increase in one or both of the 
principal determinants of vascular smooth muscle tone, namely the level of 
cytosolic Ca 2+ ([Ca J+ ]j) and the sensitivity of the contractile apparatus to [Ca 2+ ]j- 

Elevations in [Ca 2 l elicit contraction primarily via activation of 
Ca 2 7calmodulin-dependent myosin light chain kinase (MLCK) and resultant 
phosphorylation of the 20 kDa myosin light chain (MLC 20 ). Phosphorylation of 
MLC 20 increases the intrinsic ATPase activity of myosin, thereby enhancing the 
velocity and force of the actomyosin crossbridging cycle (49). However, it is 
well known that at any level of [Ca 2+ ], the force generated by agonists is greater 
than that observed to depolarization (4, 25). Therefore, in the presence of pro- 
constrictor agonists, there is an apparent increase in the sensitivity of the 
contractile apparatus to [Ca 2+ ]j, hence the term Ca 2+ sensitization, also referred 
to as agonist-induced force enhancement (29). 

2. Ca 2+ Sensitization and Vascular Smooth Muscle Contraction 

Vascular smooth muscle tone is determined primarily by the 
phosphorylation/ dephosphorylation ratio of MLC 20 , which in turn is regulated 
by the relative activities of MLCK and myosin phosphatase (MLCP, also known 
as SMPP-1M) (49). Increases in the activity of MLCK or decreases in MLCP 
activity will therefore increase MLC 20 phosphorylation and contraction. Ca 2+ - 
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sensitization can therefore be due to Ca 2+ -independent activation ofMLCK, or 
Ca 2+ -independent inhibition of MLCP. Although the former has been observed 
in isolated kinase studies (26), there is no evidence that Ca 2+ -independent 
activation of MLCK occurs in intact arteries. However, the agonist-induced 
inhibition of MLCP leading to increased Ca 2+ -sensitivity and contraction was 
first proposed over a decade ago (48), and it has become apparent that this is a 
key mechanism ofCa 2+ -sensitization in vascular smooth muscle (50). MLCP is 
comprised of regulatory and catalytic (PP- 1C) domains coupled to a third subunit 
ofyet identified function, and can be regulated by several intracellular enzymes 
(11). The pathways to be discussed in this chapter that may lead to inhibition of 
MLCP during HPV are detailed in Figure 1. 




Figure 1. Putative pathways mediating Ca 2+ -sensitization during HPV. Ca 2+ sensitization in 
vascular smooth muscle is thought to be primarily mediated by inhibition of MLCP. Hypoxia, 
possibly via an endothelium-derived constricting factor (EDCF), elicits activation of Rho-kinase 
by RhoA. In its cytosolic (inactive) form, GDP-bound RhoA is complexed with RhoGDI (Rho- 
associated guanine nucleotide dissociation inhibitor). Upon agonist stimulation, RhoA is activated 
by Rho guanine nucleotide exchange factors that cause the replacement of GDP by GTP, in turn 
causing dissociation of RhoA from RhoGDI. Activated RhoA then translocates to the plasma 
membrane whereupon it activates Rho-kinase. Rho-kinase inhibits MLCP (myosin light chain 
phosphatase) by phosphorylating the regulatory subunit (MBS). However, it is unclear whether 
a direct interaction occurs in intact arteries; it is possible that Rho-kinase inhibits MLCP indirectly 
via phosphorylation of CPI- 1 7. When phosphorylated, CPI- 1 7 is a potent inhibitor of the catalytic 
subunit (PP-1C) of MLCP. PKC has also been shown to phosphorylate CPI- 17. PKC may be an 
upstream regulator of Rho-kinase as PKC has been shown to phosphorylate RhoGDI, in turn, 
resulting in activation of RhoA. Inhibition of MLCP results in a net increase of MLC 20 
phosphorylation and contraction. An increase in Ca 2+ -sensitivity results in a leftward shift in the 
tension/[Ca 2+ ]j curve (inset). The pathways that may mediate PTK and p38 MAP kinase associated 
Ca 2+ -sensitization are yet to be determined. M20, small non-catalytic subunit. 
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3. Ca 2+ Sensitization in Acute HPV 

3.1. Acute HPV: A Transient or Sustained Constrictor Response? 

HPV is a homeostatic mechanism within the lung. Since HPV occurs in 
isolated arteries, it is apparent that the sensor and effector mechanisms reside in 
the pulmonary artery smooth muscle and/or endothelium. In vivo and in isolated 
blood-perfused lungs, the pressor response to acute hypoxia is usually immediate 
in onset and sustained. In contrast, HPV in isolated arteries is often biphasic, 
consisting of an immediate transient constrictor response superimposed on a 
more slowly developing, sustained contraction (22). It has been proposed that the 
latter response is the more physiologically relevant process, since it is sustained. 
Indeed, when considering the role of HPV in the normal lung, it would appear 
important that HPV be a sustained response. It is apparent that HPV responds to 
localized alveolar hypoxia, thereby diverting blood flow to better oxygenated 
areas of the lung and maintaining ventilation/perfusion matching. If HPV were 
transient, then the re-direction of blood flow would also be transient, and 
ventilation/perfusion matching would not be maintained, presumably promoting 
hypoxemia, which does not seem to occur in vivo. Conversely if HPV is 
sustained, the re-direction of blood flow in response to localized hypoxia is 
maintained for the duration of the hypoxic episode and optimal 
ventilation/perfusion matching is maintained. 

3.2. Ca 2+ Sensitization During Acute HPV 

The first studies designed to determine the relationship between [Ca 2+ ] s and 
tension development during acute HPV were performed in Dr. Jeremy Ward’s 
laboratory in the early 1990’s (34, 40). In these experiments, the Ca 2+ -sensitive 
fluorophore Fura-2 was used to monitor [Ca 2+ ]j levels during HPV in rat isolated 
small intrapulmonary arteries mounted in small vessel myographs to 
simultaneously measure tension development. The experimental record from the 
first of these experiments in shown in Figure 2. The contractile response to acute 
hypoxia in rat intrapulmonary arteries is biphasic. During the initial transient 
constriction there is a simultaneous transient increase in [Ca 2+ ];. However, the 
pivotal result from these experiments was the demonstration of a dissociation 
between tension and [Ca 2+ ]j during the sustained constriction. Specifically, 
subsequent to the transient increases in [Ca 2+ ]j and tension, [Ca 2+ ]| remained 
constant (at a level higher than that prior to the induction of hypoxia) whereas 
tension increased for the remainder of the hypoxic challenge. Upon re- 
oxygenation, both vascular smooth muscle tension and [Ca 2+ ]j returned to their 
pre-hypoxic levels. 
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Hypoxia 




Figure 2. Sustained HPV involves Ca 2+ sensitization. Record of [Ca 2+ ] s changes (F 34( /F 380 ) and 
tension in a Fura-2 loaded rat intrapulmonary artery during acute hypoxia. In the presence of a 
small degree of agonist-induced tone (3 pM prostaglandin F 2a , PGF 2o ), hypoxia elicited a transient 
increase in both [Ca 2+ ]j and tension. However, whereas tension progressively increased for the 
remainder of the hypoxic challenge, [Ca 2+ ] ( remained at a constant level. 



In subsequent work, it became apparent that the use of Fura-2 (and the related 
compound Fura-PE3) to measure [Ca 2+ ] s during hypoxia might overestimate the 
rise in [Ca 2+ ] i (21). Hypoxia increases NAD(P)H levels in pulmonary arteries, as 
determined by monitoring the ratio of autofluorescence in isolated pulmonary 
arteries when excited at 340 and 380 nm, respectively (21, 43). Coincidentally, 
these are the same excitation wavelengths employed when using Fura-2 or Fura- 
PE3 as Ca 2+ -sensitive fluorophores. Therefore, the increase in fluorescence ratio 
observed in isolated arteries during HPV when using these probes will be due 
partly to the concomitant increase in NAD(P)H levels. Leach and co-workers 
(2001) calculated that this amounted to -25% of the increase in fluorescence 
ratio during HPV, indicating that the rise in [Ca 2+ ]j during sustained HPV may 
be less and, in turn, that the dissociation between tension and [Ca 2+ ]| during 
sustained HPV greater than that reported previously using similar techniques 
(34). The dissociation between [Ca 2+ ]j and tension during sustained HPV can be 
readily explained by Ca 2+ sensitization. 

4. Mechanisms of Ca 2+ Sensitization During HPV 
4.1. Role of Protein Kinase C (PKC) 

PKC exists as twelve isoforms that are subdivided into 4 groups according 
to their cofactor requirements, namely; classical, novel, atypical and recently 
described PKCs. Activation of classical and novel isoforms of PKC, via the 
application of phorbol esters, elicits Ca 2+ -independent contractions in pulmonary 
arteries (42) and other vascular smooth muscle preparations. PKC elicits Ca 2+ 
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sensitization by phosphorylating and activating CPI- 17, which in turn inhibits the 
catalytic domain, PP-1C, ofMLCP (7, 44). An example of PKC-induced Ca 2+ 
sensitization and contraction is shown in Figure 3, where application ofphorbol 
12, 13 -dibutyrate to a rat small intrapulmonary artery elicited a slowly- 
developing contractile response, whilst [Ca 2+ ]| remained constant. It is 
noteworthy that the time-course of this contractile response is similar to that of 
sustained HPV. However, inhibition of all isoforms of PKC with the 
bisindoylmaleimide PKC inhibitor, Ro-3 1-8220 (at a concentration that 
abolished the contraction to phorbol ester), had no effect on the sustained HPV 
(34). Interestingly, this compound did reduce the transient constrictor response 
to hypoxia by -42% (34) consistent with a role for PKC during the transient 
phase of HPV. However, the latter possibility is complicated by the fact that Ro- 
31-8220 has subsequently been shown to inhibit several intracellular kinases 
other than PKC (3, 12). The lack of specificity of this compound does not, 
however, undermine the important conclusion that the Ca 2+ sensitization 
observed during sustained HPV is independent of activation of PKC in rat 
isolated intrapulmonary arteries (34). 



KPSS (75 mM) PdBU 




Figure 3. Activation of PKC elicits Ca 2+ sensitization and contraction in pulmonary arteries. 
Experimental record of changes in [Ca 2+ ], (upper panel) and tension (lower panel) in a rat 
pulmonary artery exposed to either 75 mM KPSS (physiological salt solution containing 75 mM 
KC1, isotonic replacement of NaCl) or phorbol 12, 13 -dibutyrate (PdBu). Depolarization of the 
artery with KPSS results in elevations of both tension and [Ca 2+ ]j. In contrast, activation of PKC 
via exposure of the artery to PdBu results in a large sustained contraction that is not associated 
with any rise in [Ca 2+ ]j. 



The lack of specificity of conventional pharmacological agents, not only for 
PKC vv other intracellular kinases, but also among the various isoforms of PKC, 
makes interpretation of the effects of these compounds problematical. While 
inhibitors of PKC decrease HPV in a variety of preparations including isolated 
rat arteries (16) and rat (32), rabbit (57) and dog (2) isolated perfused lungs, the 
inhibitors used in these studies are not selective for PKC. For example, the 
inhibitors H-7 and staurosporine are compounds that inhibit virtually every 
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kinase they have been tested against (30), and bisindolylmaleimide I and Go- 
6976 inhibit at least 7-10 intracellular kinases in addition to PKC (3). The 
extrapolation of the effects of these agents to a role for PKC activation during 
HPV may not, therefore, be justified. However, it is noteworthy that Barman (2) 
found that the inhibitor calphostin C, which appears to be less promiscuous in its 
non-PKC related actions, reduced HPV in isolated perfused dog lungs. 

The lack of specificity of PKC antagonists has therefore made definitive 
studies of the possible role of PKC in HPV virtually impossible. However, the 
recent development of highly specific, cell-permeable peptide inhibitors of 
classical, novel and atypical PKC isoforms, namely myristoylated analogs ofthe 
respective pseudosubstrates for each of these PKC groups, offers promise that 
the role of PKC isoforms in the generation of HPV may yet be defined. 
Moreover, the availability of PKC isoform knockout mice will undoubtedly help 
in this regard. In a recent study, PKCe knockout mice had a blunted HPV 
response, whereas other vasoconstrictor responses were unaltered (24). Littler 
and co-workers reported that the PKCe knockout mice had an increased lung and 
pulmonary artery expression ofthe 0 2 -sensitive potassium channel Kv3.1, and 
they attributed the blunted HPV in isolated perfused lungs to this up-regulation. 
It is therefore unclear from this study whether an activation of PKCe is directly 
involved in HPV, or whether the deletion of this isoform leads to blunted HPV 
because of a functional antagonism associated with the upregulation of 
potassium channel expression. Nonetheless, the fact that HPV was preferentially 
blunted by deletion of PKCe is an exciting finding, and the application of such 
techniques to this field will undoubtedly prove enlightening. 

4.2. Role of Protein Tyrosine Kinases (PTKs) 

PTKs are usually associated with growth factor linked receptors and play 
pivotal roles in many cell-signaling processes (13). PTK activation has been 
associated with an increase in Ca 2+ -sensitivity in smooth muscle (51) and 
evidence for involvement of PTKs in HPV has been found in sheep (53) and rat 
isolated pulmonary arteries (56). The evidence for the involvement of PTK 
activation in HPV is based upon the inhibitory effects of PTK antagonists, such 
as genistein and the tyrphostins, and the enhancement ofHPV in the presence of 
the broad-spectrum tyrosine phosphatase inhibitor sodium orthovanadate. 
However, as with the majority of enzyme inhibitors, these compounds are 
similarly afflicted with non-specific effects (31, 47). The role of PTKs in HPV 
therefore remains unclear and experiments to determine whether there is an 
increase in tyrosine phosphorylation in intact arteries during HPV would help to 
address this issue. 

A role of PTKs in the response of pulmonary arteries to hypoxia is an 
attractive possibility, especially when considering mechanisms that may be 
involved in the “transition” from the acute response (i.e., contraction) to the 
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chronic response (i.e., proliferation and vascular remodeling). Since PTKs can 
be involved in both Ca 2+ sensitization-associated contractions ofvascular smooth 
muscle and in growth factor-induced proliferation, they would appeal - ideal 
candidates to be involved in both acute and chronic hypoxia. It is also interesting 
to note that tyrosine phosphorylation has been proposed as a convergent 
mechanism between PTKs and another key player, Rho-kinase, during Ca 2+ - 
sensitization in vascular smooth muscle (27, 41). 

4.3. Role of Rho-Kinase 

Rho-associated coiled coil-forming serine/threonine kinase (Rho-kinase, also 
known as Rho-associated kinase) has recently been identified as a pivotal 
mediator of Ca 2+ sensitization and vascular smooth muscle contraction (50). 
Since the first isolation of this kinase (23), it has become apparent that, upon 
activation by the binding of the small monomeric G-protein RhoA, Rho-kinase 
inhibits MLCP resulting in Ca 2+ -independent contraction of vascular smooth 
muscle. Originally, the inhibition of MLCP was thought to be via a direct action 
of Rho-kinase upon the myosin binding subunit of MLCP (18). However, recent 
evidence suggests that, as with PKC, Rho-kinase can also inhibit MLCP via 
phosphorylation and activation of CPI-17 (19, 20, 28). Therefore, 
phosphorylation of CPI- 17 and inhibition of MLCP may be a convergent 
mechanism through which both PKC and Rho-kinase elicit an increase in 
myofilament Ca 2+ -sensitivity although the effect of PKC may be transient, at 
least with respect to agonist-induced Ca 2+ sensitization (15). Rho-kinase is also 
known to directly phosphorylate MLC 20 in vitro, but this mechanism does not 
appeal - to occur in intact arteries (14). 

Subsequent to the initial identification of a role forCa 2+ -sensitization inHPV 
(34) and the exclusion ofPKC from this process in rat isolated arteries, there was 
a hiatus in research directed at this mechanism until the “specific” Rho-kinase 
inhibitor, Y-27632 (52), became widely available to examine the possible role 
of Rho-kinase in this process. Indeed, the availability of Y-27632 has resulted 
in an explosion of reports in the literature implicating Rho-kinase in a diverse 
number of intracellular pathways in both smooth muscle and non-muscle cell 
types (50). 

The first evidence that Rho-kinase may be involved in HPV, and specifically 
in the Ca 2+ sensitization-mediated development of sustained HPV, came from 
studies of isolated arteries and in situ perfused lungs of the rat (36). It was found 
that Y-27632 preferentially inhibited sustained HPV, whilst having a minimal 
effect upon the transient contraction (Fig. 4). Indeed, the small attenuation ofthe 
transient phase of HPV may be due to the effect of Y-27632 upon the sustained 
portion of the response. As mentioned previously, the transient response is 
superimposed on the more-slowly developing sustained phase. Upon selective 
inhibition of the transient phase by sub-micromolar concentrations of the 
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trivalent cation La 3+ , it is apparent that the sustained phase of HPV in isolated 
arteries is immediate in onset (37), similar to HPV in perfused lungs and in vivo. 
Inhibition of this response by Y-27632 would therefore produce an apparent 
reduction in the transient phase without necessarily directly affecting the 
mechanisms responsible for the contraction. An important aspect of this study 
was that Y-27632 abolished the monophasic rise in pulmonary artery pressure 
in the perfused lung, whereas only the sustained phase was inhibited in small 
isolated pulmonary arteries. This observation would appear to question the 
physiological relevance of the large transient response to HPV in vitro, and raises 
the possibility that it may be, at least in part, an artifact of the experimental 
conditions employed to elicit HPV in isolated arteries. However, a similar 
transient phase of HPV, although markedly smaller, has been observed in vivo 
when the induction ofhypoxia is rapid (38, 58). 




Figure 4. Y-27632 inhibits HPV in rat isolated arteries and perfused lungs. A: The effect of the 
Rho-kinase inhibitor Y-27632 (3 pM) on HPV in rat isolated arteries. At this concentration, Y- 
27632 inhibited the sustained phase of HPV, whereas the inhibitory effect upon the transient 
phase was less marked (Data = mean ± SEM of 9 control and 7 Y-27632-treated arteries). B: An 
experimental record from an in situ perfused rat lung. Y-27632 (600 nM) abolished HPV in this 
preparation. 



The inhibition of HPV by Y-27632 in rat isolated intrapulmonary arteries, in 
situ perfused rat lungs (35) and perfused mouse lungs (Fagan K, personal 
communication) are consistent with a pivotal role for Rho-kinase-mediated Ca 2+ - 
sensitization in the mechanism of sustained HPV. It is interesting that 
pretreatment of perfused rat lungs with Y-27632 completely prevents the 
hypoxic response. This raises the question of whether activation of Rho-kinase 
is involved in initiating HPV, or whether a basal level of Rho-kinase activity and 
suppression ofMLCP activity, are necessary for the hypoxia-induced Ca 2+ signal, 
and associated activation of MLCK, to increase MLC 20 phosphorylation and 
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elicit contraction. Moreover, as with all new pharmacological tools, the direct 
extrapolation of the effects of Y-27632 to Rho-kinase inhibition must be 
undertaken with caution and direct evidence for the activation of Rho-kinase 
during the response in question is important. This evidence was recently 
provided by Dr. R. Rhoades’ laboratory (55). These investigators reported that 
hypoxia-induced activation of Rho-kinase was associated with a concomitant 
increase in MLC 20 phosphorylation in cultured rat intrapulmonary artery smooth 
muscle cells maintained in 10% fetal bovine serum (54). In an elegant series of 
experiments, Wang and co-workers provided strong evidence that hypoxia can 
activate Rho-kinase, in a RhoA-dependent manner, and that inhibition of either 
RhoA (via application of exoenzyme C3) or Rho-kinase (via incubation ofY- 
27 632) attenuated the increase in MLC 20 phosphorylation in response to hypoxia. 
Furthermore, Y-27632 inhibited sustained HPV in rat isolated pulmonary 
arteries. These experiments, therefore, provided the first biochemical evidence 
for a role of Rho-kinase in HPV. However, this study also raised an important 
issue with respect to the role of the endothelium in sustained HPV (discussed in 
section 6). 

4.4. Role of p38 Mitogen-activated Kinase (p38 MAP kinase) 

Vascular smooth muscle and endothelial cells express a family of 
serine/threonine kinases collectively known as MAP kinases. These kinases 
include p38 MAP kinase, extracellular signal-regulated kinases (ERK1 and 
ERK2), and c-Jun-NH 2 -terminal kinases/stress-activated protein kinase. It has 
become apparent that these kinases play vital regulatory roles in cell proliferation 
and differentiation and they may also be involved in the regulation of smooth 
muscle tone (1). It has recently been reported that activation of MAP kinases, 
and specifically p38 MAP kinase, may be involved in sustained HPV (17). 
Karamsetty and co-workers observed that hypoxia increased phosphorylation of 
p38 MAP kinase and that SB-202190, an inhibitor of p38 MAP kinase, abolished 
sustained HPV in rat isolated main pulmonary artery. However, at the 
concentration used, SB-202190 has also been found to directly inhibit Rho- 
kinase by -40% (3). Whether the inhibition of sustained HPV by this compound 
is due to its effect upon p38 MAP kinase and/or Rho-kinase, and the possible 
role ofp38 MAP kinase in acute HPV requires further investigation. 

5. Glycolysis and Ca 2+ Sensitization During HPV 

It is probable the Ca 2+ sensitization that occurs during acute HPV, as with 
Ca 2+ sensitization in response to other agonists, involves the activation of one or 
more intracellular kinases, the functional endpoint(s) of which require ATP as 
the phosphate donor. One obvious consequence of hypoxia in any cell type is 
that the primary source of energy, oxidative phosphorylation, will be 
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compromised to some degree. In this situation, the logical compensatory 
mechanism to maintain levels of ATP would be glycolysis. Indeed, glucose 
availability and glycolysis are absolute requirements for sustained HPV (21, 59, 
61). The dependence of sustained HPV upon glucose availability and glycolysis 
could be explained if this process caused an increase in [Ca 2+ ]j during hypoxia. 
However, neither the abolition of sustained HPV by low extracellular glucose, 
nor the potentiation of HPV by high extracellular glucose, cause any change in 
[Ca 2+ ]j during HPV in isolated arteries, suggesting that glycolysis supports HPV 
by facilitating the associated Ca 2+ sensitization (21). 

Multiple lines of evidence suggest that, during hypoxia, glycolysis primarily 
supports membrane-associated processes (21, 59). It is interesting that certain 
isozymes ofPKC, Rho-kinase and MLCP translocate to the plasma membrane 
upon agonist stimulation, and that activation of Rho-kinase by RhoA is a plasma 
membrane-associated event (5, 46, 50). Thus, it is tempting to speculate that such 
a co-ordination and localization ofboth effectors and energy production would 
be an elegant and efficient response of the pulmonary vasculature to hypoxia. 

6. Role of the Endothelium in Ca 2+ Sensitization During HPV 

Perhaps the most contentious issue in the recent history of HPV has been the 
role, or lack thereof, of the endothelium in the generation of HPV. In general, the 
full expression of sustained HPV appears to require the presence of a functioning 
endothelium (see Chapter 12). It has been proposed that since the sustained phase 
of HPV is reduced (60) or abolished (22) upon endothelial denudation, that the 
associated Ca 2+ sensitization may also be endothelium-dependent (34). In other 
words, whereas the elevation of [Ca 2+ ] i is a function of a direct effect of hypoxia 
upon the smooth muscle, the coupling of the elevation in [Ca 2+ ]| to tension 
development requires the presence of the endothelium. In support of this 
possibility, removal ofthe endothelium has no effect upon [Ca 2+ ]| during hypoxia 
in isolated intrapulmonary arteries, yet the sustained contractile response is 
abolished (33). These observations are consistent with the release of an 
endothelium-derived constrictor factor (EDCF) being pivotal to the generation 
of sustained HPV. One possible extension of this theory would be that the EDCF 
elicits an increase in Rho-kinase activity, possibly via interaction with a G 
protein-coupled receptor in pulmonary arterial smooth muscle cells, resulting in 
an increase in Ca 2+ -sensitivity and contraction. In other words, sustained HPV 
may involve a classical agonist-induced force enhancement (discussed in section 
7). However, Wang et al. (55) reported that Rho-kinase activity was increased 
in cultured pulmonary artery smooth muscle cells, consistent with a direct 
stimulation ofRho-kinase activity. Wang et al. (55) reported that the cell cultures 
utilized in their studies were >90% pure smooth muscle, but they did not report 
whether a portion of the non-smooth muscle cells included endothelial cells. 
Whether a cell population that includes <10% endothelial cells would be 
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sufficient to generate enough EDCF to stimulate Rho-kinase activity in the vast 
number of neighboring smooth muscle cells is unclear. Wang et al. (55) also 
demonstrated that HPV in intrapulmonary arteries was inhibited by Y-27632, but 
they did not detail whether the sustained HPV in their arteries was endothelium- 
dependent. However, both the translocation of RhoA, a causal event in the 
activation of Rho-kinase (9), and the activation of Rho-kinase in rat small 
intrapulmonary arteries during HPV appear to be endothelium-dependent 
(Robertson T, unpublished observations). 

7. Role of anEDCF-mediatedCa 2+ Sensitization in HPV 

The dependency of the full expression of sustained HPV upon the presence 
of a functional endothelium is consistent with the release of an EDCF. One 
obvious candidate for this EDCF is endothelin-1 (ET-1). Not surprisingly, the 
role of ET-1 in HPV is as contentious as that of the endothelium itself, with 
evidence for and against a role for ET - 1 being as compelling as they are mutually 
exclusive (see Chapter 12). All the studies that have attempted to characterize an 
EDCF released during HPV have excluded ET-1 as the mediator of the 
constrictor activity observed (6, 8, 35, 39). 

Since HPV is a phenomenon peculiar to the pulmonary circulation, it would 
seem reasonable to assume that the EDCF should be either selectively produced 
in the lung, or to have constrictor activity confined to pulmonary arteries. In 
addition, if the proposed mechanisms detailed within this chapter are correct, 
with respect to Rho-kinase-mediated Ca -sensitization being an integral part of 
HPV, then one would predict that the isolated EDCF would elicit contraction via 
this pathway. Encouragingly, these facets have been reported to be present in 
several preliminary reports that attempted to isolate the elusive EDCF (6, 35, 39). 
Robertson et al. (35) published evidence that a constrictor factor is preferentially 
released during hypoxia from the perfused rat lung, and that the factor constricts 
pulmonary but not mesenteric arteries of the rat. This constrictor mechanism 
involved Ca 2+ sensitization and the factor was not evident in the perfusate from 
the hypoxic perfused mesenteric vascular bed (39). Dipp et al. (6) reported that 
the hypoxic perfused rat lung produces a constrictor factor that elicits contraction 
of pulmonary arteries via activation of Rho-kinase. A particularly noteworthy 
aspect of the latter study was the finding that the constrictor activity was 
abolished upon the perfusate being passed through normoxia-ventilated lungs. 
This observation raises the possibility that the constrictor is synthesized by the 
pulmonary circulation in response to acute hypoxia and then degraded once 
normoxia is restored. Such properties are ideal when attempting to identify an 
EDCF with similar constrictor properties to those of HPV, i.e., a response that 
is rapid in onset and reversal. 
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8. Summary 

Converging lines of evidence indicate that HPV involves an increase in Ca 2+ 
sensitivity. Future work that addresses the mechanisms that underlie hypoxia- 
induced Ca 2+ sensitization in the pulmonary circulation are therefore a priority 
in furthering our understanding ofthis vital physiological response. Such studies 
would include the determination of i) the precise role of the endothelium in 
supporting hypoxia-induced Ca 2+ sensitization in pulmonary arteries, ii ) the 
identity and mechanism of action ofthe putative EDCF involved in HPV and iii ) 
the roles of PKC, PTK, p38 MAP kinase and Rho-kinase. 

Whatever the relative contributions ofthe latter enzymatic pathways may be 
in HPV, it is probable that inhibition of MLCP is the pivotal step that results in 
an increase in MLC 20 phosphorylation and contraction. The emergence of Rho- 
kinase as a key regulator of MLCP and vascular smooth muscle tone, coupled 
with the persuasive evidence that Rho-kinase activation is involved in HPV, 
makes this pathway a primary target for further investigation. It is tempting to 
speculate that Rho-kinase may be a link between Ca 2+ sensitization during acute 
hypoxia and the pathogenesis of chronic hypoxia-associated pulmonary 
hypertension (see Chapter 24), especially since Rho-kinase antagonists appear 
to offer much promise for the treatment of a variety of systemic vascular diseases 
(45, 52). 
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1. Introduction 

In the pulmonary circulation, a moderate decrease in alveolar oxygen 
tension (P0 2 ) results in the development of hypoxic pulmonary vasoconstriction 
(HPV). This response is unique to the pulmonary circulation; systemic arteries 
generally respond to hypoxia with vasodilatation (10). Although the precise 
mechanisms of HPV are still not completely understood, it is commonly agreed 
upon that ion channels make an important contribution to the development of 
HPV (24, 32, 56, 57). 

Based on their ion selectivity, ion channels can be divided into several 
major classes: K + channels, Ca 2+ channels, Na + channels, Cl' channels, andnon- 
selective cation channels. The expression level of individual subtypes of ion 
channels varies in different vascular beds (7, 33, 54), probably reflecting diverse 
mechanisms which contribute to the control of vascular tone in various arteries. 
The unique response of the pulmonary circulation to hypoxia may suggest a 
unique expression and mechanisms of the regulation of ion channels in 
pulmonary artery (PA) smooth muscle cells (SMCs) and the current status of our 
knowledge about understanding these mechanisms will be the main focus of this 
chapter. 

2. K + Channels 

It is generally accepted that a balance between constitutively active K + 
channels and voltage-dependent Ca 2+ channels (VDCC) is an important control 
mechanism of arterial tone (33). Under physiological conditions, the pulmonary 
circulation is a high flow, low resistance and low pressure system with measured 
resting membrane potential between -60 and -50 mV that does not reveal 
spontaneous electrical activity (10). K + channel blockers, e.g., 4-aminopyridine 
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(4-AP) or tetraethylammonium (TEA), depolarize the cell membrane, increase 
intracellular Ca 2+ concentration ([Ca 2+ ];) and induce contraction of intact 
pulmonary arteries (24, 32, 56, 57), indicating a key role for K + channels in the 
maintenance of the negative resting potential in PASMCs. The first recording of 
K + currents in the pulmonary artery was performed by Buryi and Gurkovskaia 
in 1980 in a smooth muscle strip from the rabbit main pulmonary artery using the 
double sucrose gap method (12). Simultaneous development ofthe patch clamp 
technique, isolation of viable single vascular SMCs, and molecular biology 
techniques equipped investigators with potent experimental tools and enabled 
substantial progress in our understanding of the function and molecular nature 
of ion channels in vascular SMCs in general and in PASMCs in particular. 

Functional K + channels are multimers ofa-subunits which form the ionic 
pore. More than 70 a-subunits have now been identified which differ in 
structure, voltage-dependence, kinetics and pharmacology. Functional diversity 
of K + channels is further increased by the ability of different a-subunits to form 
heteromultimers and by the presence of a-subunits splice variants and regulatory 
(auxiliary) p-subunits. Not all types of K + channels are expressed in the 
vasculature. Currently, four main groups of K + currents have been described in 
vascular SMCs: voltage-gated (K v ) and large conductance Ca 2+ -activated (BK Ca ) 
currents, which are encoded by a-subunits belonging to the six transmembrane 
segment and one pore domain class of K + channels, and ATP-sensitive (K ATP ) 
and inward rectifier (K ir ) currents which belong to the two transmembrane 
segment and one pore domain class of K + channels (see Ref. 7 for additional 
information about the molecular structure and properties of K + channels in 
vascular SMCs). K v , and BK Ca , and K ATP , currents have been identified in single 
SMCs isolated from rat (4, 48, 59), mouse (5), rabbit (14, 15), dog (41), and 
human (19, 39) PASMCs. Currently, there is no evidence that K ir channels are 
present in PASMCs. In addition, a novel non-inactivating K + current, termed / KN , 
which is proposed to be formed by TASK-1 channels (25), has been described 
in PASMCs (21). 

The complexity and heterogeneity of the K + channel expression pattern 
in PASMCs isolated from different species, and the lack of selective 
pharmacological tools, makes the investigation of the regulation of K + channels 
by oxygen and second messenger systems a challenging task. Our current 
understanding of these issues will now be discussed for each type of K + channel 
expressed in PASMCs. 

2.1. K v Channels 

The main K v current found in most types of PASMCs belongs to the 
delayed rectifier type (referred here and thereafter as K v current) which is 
characterised by a relatively slow rate of activation and inactivation, in contrast 
to the rapidly-inactivating A-type voltage-gated current, also found in some 
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types of PASMCs (32). Post et al. (41) first demonstrated that K v currents were 
reversibly inhibited by hypoxia in canine PASMCs (41). Therefore, it was 
proposed that these channels could act as both potential oxygen sensors and 
mediators of HPV (57). Since then, research in pulmonary K + channel 
physiology has focused on determining the molecular identity of the K v cuixents 
expressed in PASMCs, on whether molecular correlates of the K v cuixents are 
modulated by oxygen, and on establishing the oxygen-sensing mechanism of K v 
channels. Using RT-PCR and immunoblotting, the expression of mRNA and/or 
protein of K v 1 . 1 , K V 1 .2, K v 1 .3, K v 1 .4, K v 1 .5 K V 1 .6, Ky2. 1 , K v 3 . 1 b a-subunits 
and a “silent” K v 9.3 a-subunit has been demonstrated in PASMCs (8, 35, 38, 
65). Electrophysiological and pharmacological characteristics of the heteromeric 
K v 1.2/K v l.5, K v 2.1/K v 9.3 or homomeric K v 3.1b a-subunits have proven to be 
the closest match to those of the native K v cuixents in PASMCs (8, 17, 28, 35, 
51). The presence of K v 1.5 and K v 2.1 isoforms in PASMCs was also confirmed 
by using specific antibodies to inhibit the native K v cuixents (8, 26). Hence, a 
consensus is now emerging that K v 1.2/K v 1.5 andK v 2.1/K v 9.3 heteromultimers 
and K v 3.1b homomultimers are the primary candidates underlying native K v 
channels in PASMCs (17). 

Moreover, when expressed in heterologous systems, both K v 1.2/K v 1.5, 
K v 2.1 (26), K v 2.1/K v 9.3 (28, 38) and K v 3.1b (35) channel cuixents are inhibited 
by acute hypoxia, making these K v isoforms suitable candidates for oxygen- 
sensitive K + channels in PASMCs. Since K v 3.1b single channel cuixents are 
inhibited in inside-out patches, it has been proposed that K v 3. lb a-subunits can 
sense oxygen directly (35). However, the dependence of oxygen sensitivity of 
the K v 1.2/K v 1.5 and K v 2.1/K v 9.3 heteromultimeric channels depends on the 
expression system, suggests that oxygen sensing by these K v a-subunits depends 
on another as yet unidentified mechanism(s) (17). A potential role of auxiliary 
P-Subunits, which interact primarily with a-subunits and are expressed in 
pulmonary arteries, has been suggested (17), but has not been directly confirmed. 
How oxygen inhibits homomeric K v 2.1 and heteromeric K v 2.1/K v 9.3 channels 
also remains unknown. 

Hypoxic alteration in the cellular redox state defined by reactive oxygen 
species (ROS) or by the ratio GSH/GSSG orNAD(P)H/NAD(P) + may also affect 
K v channel activity. Indeed, whole-cell K + cuixents in rat PASMCs are inhibited 
by the mitochondrial electron transport chain inhibitors rotenone and antimycin 
A (2), by the mitochondrial uncouplers FCCP (61), deoxyglucose and reduced 
glutathione (GSH) (62), and by cytochrome P-450 inhibitors (63) in PASMC. 
However, direct effects of diphenyleneiodonium, an NADPH-oxidase inhibitor, 
on K + and VDCC channels, as well as the presence of HPV in an NADPH 
oxidase deficient mice (lacking the gp 91 phox subunit) (6) argues against the 
involvement of NADPH oxidase in hypoxia-mediated inhibition of K v channels 
and HPV. Hence, the role of the cellular redox state in the modulation of the 
pulmonary K v channels remains to be established. 
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Despite the fact that pulmonary vasoconstriction is strongly modulated 
by a variety of humoral agents (10), our understanding of pulmonary K v 
channels’ regulation by vasoactive mediators and intracellular - second messenger 
systems remains sparse. Activation of the K v current by nitric oxide (NO), 
mediated by cGMP-dependent protein kinase, occurs in extrapulmonary arterial 
SMCs (3), while another report has proposed a direct effect of NO on K v 
currents (64). Although no modulation via a protein kinase A (PKA)-dependent 
mechanism has yet been demonstrated, another serine/threonine protein kinase 
C (PKC) can alter K v currents in PASMCs. Endothelin 1 (ET-1) causes PKC- 
dependent inhibition of the K v current and accelerates its inactivation (45). We 
have previously demonstrated that activators of PKC, diacylglycerol and 
arachidonic acid (AA), produce a dual effect on K v currents in rat 
intrapulmonary SMCs: an initial PKC-dependent increase in the current 
amplitude followed by a predominant PKC-independent inhibition of the K v 
current amplitude. The latter prevailed overall since AA caused membrane 
depolarisation in these cells (50). It is noteworthy that PKC-dependent 
phosphorylation may be required for the association of K v 1.5 d-subunits and 
auxiliary Kv|31.3 subunits which modulates the kinetics of the K v current in a 
heterologous expression system (30). Whether a similar - mechanism exists in 
PASMCs remains to be established. The information about the regulation of K v 
currents by protein tyrosine kinases is practically absent except for one negative 
report (49). 

Direct inhibition of the K v currents by intracellular divalent cations, 
calcium and magnesium, has also been proposed in canine PASMCs (23). 
However, perfusion of rat single PASMCs with high (~0.5 pM) [Ca 2+ ]j does not 
significantly affect the K v current amplitude (48, 53), suggesting that, at least in 
this preparation, the K v current is not sensitive to intracellular Ca 2+ . 

It is worth mentioning that a number of factors could be responsible for 
the lack of information about the regulation of K v channels not only in PASMCs, 
but in vascular - SMCs in general (54). Broadly speaking, the native K v channel 
can be regulated via changes in its permeability and/or voltage-dependent gating. 
To monitor these changes, the choice of the experimental protocol and 
elimination of other conductances, particularly BK* and K atp currents, are 
crucial (discussed by Beech et al. in Chapter 23 in Ref. 7). Another important 
reason is that, despite the progress in molecular biology, it is still not clear 
whether multiple K v channel isoforms functionally coexist in the same SMC. 
This issue is complicated by the absence of selective pharmacological tools 
allowing us to distinguish between hetero- and homo-multimeric K v channels 
expressed in PASMCs; the most effective experimental pharmacological tools 
are still 4-AP and TEA. Nevertheless, the use of these two inhibitors has proven 
useful in functional discrimination between different K v currents in the rat 
pulmonary arterial tree where at least three cell subtypes, distinguished 
electrophysiologically on the basis of the expressed K v currents, have been 
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identified (51). Two cells subtypes, termed I K1 and 1^ cells because their 
characteristics closely resemble those of the members of the K V 1 ( Shaker ) and 
K v 2 ( Shab ) subfamilies respectively, are found in the main PA. The third cell 
subtype, identified in resistance PASMCs, therefore termed 1^, also has 
properties of the K V 1 type current which are different from those described for 
I K1 cells in the main PA. The key pharmacological features of I K1 and ^currents 
are their different sensitivity to 4-AP and TEA, whereas 1^ currents are blocked 
by TEA and are relatively insensitive to high concentrations of 4-AP (51). It is 
noteworthy that the properties of the K v current in adult rat aortic SMCs are 
similar to those of I K2 cells, while the K v currents in newborn animals strongly 
resemble those in I K1 cells (11). Moreover, chronic exposure of adult rats to 
carbon monoxide increases the sensitivity of the whole cell current to 4-AP and, 
reciprocally reduces its sensitivity to TEA in coronary arterial SMCs, although 
no thorough characterization of K v currents has been given in this study (9). 
These results could suggest that K v channel expression is dynamically regulated 
during vascular development and in pathological conditions. Understanding the 
mechanisms which control this process in PASMCs is particularly important in 
chronic hypoxia (CH) which causes the downregulation of K v channel genes (34, 
40, 42, 53) and may represent an intriguing area of the future research. 

The recent evidence discussed above, suggests that the existence of “I K1 ” 
and “I K2 ” cell subtypes may be a more general phenomenon in the vasculature, 
and may be partly responsible for the variation in responses to hypoxia and 
modulation ofK v currents by vasoactive agents (10). Since mice are rapidly 
gaining popularity as an experimental model, we have compared some properties 
of K v currents in mouse small intr apulmonary arterial SMCs (Fig. 1 A) with those 
of rat main PASMC I K1 (an example of the TEA-sensitivity of which is shown 
in Fig. IB) and 1^ currents. The electrophysiological characteristics and 
sensitivity to TEA of the mouse K v currents (Fig. 1C) revealed a remarkable 
similarity to those described in “I K2 ” type cells in rat main PA (51) and adult rat 
aorta (11). Although it is premature to rule out the contribution of TEA-sensitive 
K v 3.1b channels, mRNA expression of which has been demonstrated in mouse 
lungs (5), it is noteworthy that a component of current with the pharmacological 
properties of K v 3.1b channels (i.e., blocked by TEA with an IC 50 in the pM 
range (7), was not detected (Fig. 1C). The pharmacological characteristics of 
type current include a moderate sensitivity to TEA (IC 50 ranged between 2 
and 3 mM, Fig. 1C, open symbols) and sensitivity to 4-AP in the mM range (11, 
51), currently match only the characteristics of K v 2 channels (see references in 
Ref. 51). Thus, although a small contribution of other K v channels cannot be 
entirely excluded, it is likely that mouse PASMCs predominantly express K v 2. 1 
channels. This is also supported by the K v 2.1 mRNA expression in the mouse 
lung (5). It is noteworthy that the presence of a K v 2-type current in mouse 
PASMCs may explain, at least in part, the lack of the inhibition of acute hypoxic 
vasoconstriction in NADPH oxidase deficient mice (6), since these channels 
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probably sense oxygen via a different mechanism. Therefore, rat and mouse 
small intrapulmonary arterial SMCs can be a useful experimental model for 
investigation of mechanisms of the regulation of the K V 1 and K v 2 channel 
currents, respectively. 



A 



Mouse Intrapulmonary Artery 



B Rat Resistance Pulmonary Artery 





o Mouse PA 
V Rat Main PA ( I„) 

▼ Rat Main PA ( I KI ) 

□ Rat Resistance PA ( I Kr ) 



Figure 1. “I K ,” and “I K2 ” cells types in rat and mouse PASMCs. Family of K v currents shown in 
A and B were recorded between -40 and +80 mV in 20 mV increments from a holding potential 
of -80 mV using the same experimental conditions and protocols described in Refs. 11,51. P&G- 
PSS is abbreviation for physiological saline solution (PSS) containing 1 pM paxilline and 10 pM 
glibenclamide. C Summary of TEA-sensitivity of K v currents. TEA-sensitive (“I K2 ” subtype) and 
TEA-insensitive (“I Kl ” subtype) are shown by open and filled symbols, respectively. Smooth lines 
were drawn according to the equation described previously in Refs. 1 1 and 5 1 , giving IC 50 values 
of 2.3 (mouse PA) and 2.6 (for I K2 in main PASMCs) mM. 

2.2 BKc, Channels 

Another ubiquitous type of K + channel, BK Ca channels, are activated by 
both voltage and intracellular Ca 2+ . Although they are expressed in PASMCs (32) 
the relative contribution of the BK Ca current to the whole cell current varies 
greatly in different species and different regions of the pulmonary arterial tree 
(1, 4, 14, 39, 41). The expression of a BK Ca a-subunit has been demonstrated in 
rat PA (42). The single channel conductance of BK^ channels has been reported 
to lie in the range between 170 and 270 pS in symmetrical K + conditions. It is 
generally agreed that afunctional BK Ca channel in vascular SMCs exists as 
complex of a-subunits and regulatory p-subunits, which enhance Ca 2+ -sensitivity 
of the channel (7). Additionally, BKc a channels, which originate from a single 
gene, undergo an extensive alternative splicing that may further add to the 




127 



diversity of BKc a currents in vascular SMCs. Technically, therefore, regulation 
of the BKq, channels could occur via modulation of individual a- and/or P- 
subunits, or via functional uncoupling between a- and p-subunits in native BK Ca 
channels. Thus, for example, the expression of different BK Ca splice isoforms 
could explain the presence of high-conductance (245 and 185 pS) intracellular 
Mg 2 *- and ATP-activated BK Ca currents in rat PASMCs (1). The sensitivity of the 
BKq, current to [Ca 2+ ]j is apparently also low in rat intrapulmonary arterial SMCs 
(48, 53). It is not yet clear whether this is due to a low level of expression of the 
BKq, a-subunit or to decreased Ca 2+ sensitivity of the expressed channels. 

Owing to their Ca 2+ -sensitivity, BK Ca channels are activated due to the 
increased [Ca 2+ ]j caused by vasoconstricting mediators, resulting in 
vasodilatation. In PASMCs, BK Ca channel activity is directly enhanced by 
membrane stretch and arachidonic acid (29, 52). Changes in the cell redox 
potential also affect BK Ca currents. In rabbit small PASMCs, reducing agents 
such as dithiothreitol, GSH and NADH decreased, while an oxidizing agent 
(DTNB) increased the activity of BKc a channels (36). However, in SMC isolated 
rabbit conduit PA, BKc, channels were not affected by either reducing (GSH and 
NADH) or oxidizing (GSSG and NAD + ) agents except DTNB which enhanced 
the BKq, channel activity (55), similar to the effect of redox agents on BK Ca 
currents in rabbit ear artery SMCs (36). The reason for such differences is not 
clear. However, it is possible that various BKc a isotypes, which respond 
differently to changes in the cellular redox state, are present in different regions 
of the pulmonary arterial free. Since selective BKc a channel inhibitors do not 
affect acute HPV, it is unlikely that redox modulation of BKc a channels play a 
key role in HPV. However, their role can be enhanced in chronic hypoxia when 
K v channel expression is reduced (46). Chronic hypoxia also decreases BK Ca 
Ca 2+ sensitivity and the ability of cGMP and NO to activate BK Ca channels in 
cultured human PASMCs (39). 

2.3. K axp Channels 

The K atp channel is composed of four pore-forming inward rectifier K + 
channel subunits and four sulphonylurea receptors (SUR). Some voltage- 
independent K atp channels are inhibited by cytosolic ATP, while others are 
activated by nucleotide-diphosphates (NDP). In vascular SMCs, it is believed 
that native K ATP and NDP-activated K ATP channels (K NDP ) are formed by 
SUR2B/K ir 6.2 and SUR2BK ir 6.1, respectively. Both K ATP and K NDP are 
selectively blocked by sulphonylurea compounds such as glibenclamide, and are 
activated by levcromakalim (see Ref. 7 for details). Although the presence of 
K ATP currents in PASMCs was demonstrated almost a decade ago (15), their 
molecular identity has only now become evident. Recently, the expression of 
Kj r 6.1, and not K ir 6.2, and SUR2B, but not SUR1, has been detected in cultured 
human PASMCs (19), consisted with the presence of NDP-gated K ATP currents 
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in native cells. Interestingly, the reduction in cytosolic ATP enhanced the 
stimulatory effect of levcromakalim in PASMCs but not in HEK293 cells 
transfected with SUR2B/K ir 6.1, indicating the presence of specific regulatory 
mechanisms controlling native K ATP currents in PASMCs (19). Although K ATP 
channels can contribute to the control of the resting potential in isolated 
PASMCs (15, 53), it is generally believed that these channels are mostly inactive 
under normal conditions, but may be opened by changes in the intracellular 
ATP/ADP and/or GTP/GDP ratios, therefore providing a link between cellular 
metabolism and membrane excitability. In vascular SMCs, the activity of K ATP 
channels is regulated via cAMP-dependent activation of protein kinase A (54). 
However, mechanisms of regulation, heterogeneity and molecular isoforms of 
K atp channels in various PASMCs, remains to be elucidated. 

2.4. Two-pore Domain K + Channels 

Two-pore domain K + channels are a rapidly growing family of K + 
channels. One member of this family, TASK-1, was recently identified in rabbit 
PASMCs (25). TASK-1 encodes a voltage-independent pH-sensitive background 
current and is also inhibited by hypoxia. In heterologous expression systems, 
TASK-1 currents are not sensitive to 4-AP and TEA, but are blocked by barium, 
quinine, quinidine and zinc (37). Similarities between some of the properties of 
TASK-1, including oxygen and pH sensitivity, and those of the non-inactivating 
I KN have led to the suggestion that TASK-1 is a molecular correlate of I KN , and 
that it may be a key oxygen-sensing K + channel in rabbit PASMCs (25). 

3. Voltage-dependent Ca 2+ Channels (VDCCs) 

VDCCs are expressed in all vascular SMCs and are important players in 
the maintenance of vascular tone (33). Although two principal types of VDCCs, 
dihydropyridine-sensitive high-voltage-activated L-type and low-voltage- 
activated, rapidly-inactivating T-type, VDCCs have been characterised in 
vascular SMCs (33), electrophysiological evidence currently suggests that only 
L-type VDCCs are expressed in PASMCs (13, 22). 

Despite the fact that L-type VDCC inhibitors are widely used to treat 
PPH, surprisingly little is known about the electrophysiological properties and 
regulation of L-type VDCCs in PASMCs. Clapp and Gurney (13) characterized 
nifedipine-sensitive Ca 2+ - and Ba 2+ -permeable VDCC currents in rabbit PASMCs 
(13). The amplitude of VDCC was reduced by -45% by the vasosodilator 
sodium nitroprusside (SNP), suggesting that SNP can cause vasodilatation partly 
via inhibition of VDCC (13). Recently, an analysis of the current density of L- 
type VDCCs has revealed that it is greater in conduit than in resistance artery 
rabbit PASMCs (22). Intriguingly, acute hypoxia causes an increase in Ca 2+ 
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currents (using Ba 2+ as the permeating ion) and shifts the voltage-conductance 
dependence to the right along the voltage axes in resistance PASMCs; in conduit 
PASMCs, the current amplitude is decreased and the activation dependence is 
shifted in the opposite direction (22). The molecular mechanism of these effects 
has not been investigated. Similar upregulation of L-type VDCC currents also 
occurs in rat resistance PASMCs during CH (Fig. 2), suggesting that an 
increased expression of L-type VDCCs, together with simultaneous inhibition 
of K v channels, contributes to membrane depolarisation and CH-induced 
pulmonary hypertension. Increased Ca 2+ influx through L-type VDCC could also 
contribute to vascular remodelling in pulmonary arteries. 




Figure 2. Up-regulation of the L-type VDCC currents by chronic hypoxia in rat resistance 
PASMCs. Mean current- voltage relationships (4-9 cells) for I Ba recorded in the presence of 10 
mM Ba 2+ (circles), and 1 pM Bay K 8644 (triangles) or 10 pM nifedipine (squares), an activator 
and inhibitor of L- VDCCs, respectively, in control (A) and CH (3-4 weeks, B) animals. Inserts 
show I Ba at 0 mV in representative cells in the absence and presence of Bay K 8644 and nifedipine 
as indicated by symbols. Currents were recorded using Cs + -based, 10 mM EGTA-containing 
pipette solutions. Holding potential was -80 mV. 



Another important class of calcium selective channels is transient 
receptors potential channels (TRPCs), which form the molecular basis of the 
store-operated or capacitative Ca 2+ entry channels and agonist-activated 
nonselective cation channels in variety of tissues including Vascular SMCs. The 
role of TRPCs in the control of excitation and contraction of PASMCs has only 
recently been described and will be discussed in detail in a later chapter. 

4. Voltage-gated Sodium (Na*) Channels 

Although small tetrodotoxin-sensitive Na + currents are found in some 
PASMCs (see Ref. 32 for references), it is generally agreed that voltage-gated 
Na + channels unlikely play any significant role in the regulation of pulmonary 
vascular tone. 
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5. Chloride (Cl ) Channels (CICs) 

The low intracellular Cl' concentraction (30-50 mM) in vascular SMCs 
gives a calculated equilibrium potential of about —30 mV (31), such that 
activation of a Cl' conductance at the resting potential leads to membrane 
depolarisation. Two types of CICs, volume-sensitive C1C and Ca 2+ -activated C1C 
(Ca 2+ -ClC), have been identified so far in the pulmonary vasculature. Volume- 
sensitive C1C currents activated by external hypotonicity have been recently 
described in canine PASMCs (58). Since the C1C currents are suppressed by 
intracellular dialysis with anti-ClC-3 polyclonal antibody through the patch 
pipette, it has been proposed that the C1C-3 gene encodes volume-sensitive CICs 
in canine PASMCs (20). 

Ca 2+ -ClCs are activated when [Ca 2+ ]; is increased via Ca 2+ release from 
intracellular - Ca 2+ stores in response to vasoconstrictors such as ET-1 or ATP (43, 
44), via Ca 2+ entry through VDCC (60), or by flash photolysis from Nitr-5, 
which served as an artificial Ca 2+ pool (16). In rat pulmonary and aortic SMCs 
activation of Ca 2+ -ClC and BK Ca currents by ET-1 was mediated via ET B and ET A 
receptors, respectively, (43), suggesting a different spatial organisation of the 
channels and/or receptors. Transient inward Cl' currents, inhibited by 2-10 mM 
caffeine, were also recorded in rabbit PASMCs using the perforated patch 
technique (27). Ca 2+ -ClC are also distributed differently along the rabbit 
pulmonary arterial tree being activated by [Ca 2+ ]j oscillations predominantly in 
resistance PASMCs in contrast to activation of BKc. currents in main PA 
myocytes (47). Because of the very small single channel conductance (1-3 pS, 
(31) and the unknown molecular identity of Ca 2+ -ClC, the minimal [Ca 2+ ] s 
required for activation of these channels, and their general Ca 2+ -sensitivity is not 
known. It has been proposed that Ca 2+ -ClCs play an important role in agonist- 
induced membrane depolarisation (31, 32). Based on the above evidence, it is 
likely that physiological activation of Ca 2+ -ClCs may require a relatively large 
local increase in [Ca 2+ ] ; from intracellular stores in the close vicinity, as well as 
possible channel clustering. 

6. Summary 

Owning to the development of modern electrophysiological and 
molecular biology techniques, enormous progress in our understanding of the 
function, physiological significance and molecular identity of pulmonary ion 
channels has been made during last two decades since the first recording of the 
ion channel currents. This work has revealed a complexity and heterogeneity of 
ion channel expression in PASMCs, which depends on both the species and the 
site of the arterial vasculature under investigation, as well as multiple potential 
mechanisms for oxygen sensing by ion channels (24, 56). Therefore, the key 
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questions in pulmonary ion physiology remain essentially the same: how does 
hypoxia causes HPV, which types of ion channels are involved in this process, 
and what is the mechanism(s) responsible for the oxygen sensitivity of ion 
channels involved? Since it is possible that hypoxia may not directly target the 
ion channels, but may alter their activity via unknown intracellular' regulatory 
factors, the investigation of molecular mechanisms which specifically control the 
pulmonary ion channels, (particularly those regulating K + and Ca 2+ transport) 
represents an important and challenging task for the future research in the field 
of pulmonary electrophysiology. 
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1. Introduction 

The survival of higher organisms is dependent on an adequate supply of 0 2 
and substrates. A variety of 0 2 sensors underlie the various adaptive mecha ni sms 
(changes in regional blood flow, hormone release and ventilation) that ensure 
optimal 0 2 supply. One such mechanism is hypoxic pulmonary vasoconstriction 
(HPV). This chapter will discuss evidence for a comprehensive vascular 0 2 
sensor mechanism which involves redox signaling between smooth muscle cell 
(SMC) mitochondria and plasmalenunal K + channels (Fig. 1). In adult mammals, 
under physiological conditions, the pulmonary vessels deliver deoxygenated 
blood to the lung’s capillary bed where gas exchange takes place. In response to 
airway hypoxia, whether it is focal (e.g., pneumonia or atelectasis) or global 
(e.g., high altitude), the pulmonary artery (PA) supplying the hypoxic lung 
segment(s) constricts. If the airway hypoxia is localized, HPV redistributes 
perfusion to better oxygenated areas and optimizes systemic 0 2 delivery (22) 
while minimally elevating net pulmonary vascular resistance (PVR). Regional 
blood flow is also determined by gravity (38). However, with global hypoxia less 
benefit is derived from HPV and the elevated PVR results in right ventricular 
hypertrophy. Inhibition of HPV, by sepsis (68) or drugs, results in ventilation 
perfusion mismatch and systemic hypoxemia. HPV can be exploited in single 
lung anesthesia to minimize blood flow to a lung that is intentionally made 
hypoxic to create a dry operative field (25, 127). 

2. Comparative Physiology of 0 2 Sensors 

HPV is not the only homeostatic mechanism that optimizes systemic 0 2 
delivery. Mammals also have 0 2 sensors in the systemic vasculature (carotid 
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body) and airway (neuroepithelial body). In addition, there are powerful 0 2 
sensor systems that are primarily active in the fetus or during the transitional 
period at birth (e.g., the ductus arteriosus SMC and the adrenomedullary cell). 
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Figure 1. Proposed mechanism for HPV: An updated version of the redox hypothesis. 



In adult mammals, PASMCs and the type 1 cells ofthe carotid body (CB) are 
the predominant 0 2 sensing cells. Both these sensors respond rapidly (within 
seconds) to moderate hypoxia, in the airway (e.g., PASMC) or systemic (e.g., 
CB) circulation. The response of both cell types to hypoxia optimizes tissue 0 2 
delivery and ATP production. In the lung, hypoxia causes contraction ofPASMC 
in small arteries, thereby redistributing blood to optimally-ventilated lobes; 
whilst in the carotid body, hypoxia activates type 1 cells leading to increased 
nerve discharge and hyperventilation. Although the response to hypoxia is tissue 
specific, most specialized 0 2 -sensitive systems share components of the 
mechanism underlying HPV. Specifically these rapidly responding 
cardiovascular and pulmonary sensors appear to involve a redox 0 2 sensor 
(possibly the mitochondria or NADPH oxidase) and a membrane effector 
pathway (probably one or more 0 2 - and redox-sensitive K + channels (Fig. 2) (4). 
These acute compensatory pathways are distinct from but relevant to the slower 
onset mechanisms that are triggered when hypoxia persists, such as right 
ventricular hypertrophy, PA remodeling, and polycythemia, which result from 
activation of hypoxia inducible factor, HIF (131). 

Additional 0 2 sensors are also active in the fetus. The role of various 0 2 
sensors in fetus is somewhat different than in the adult, in large part because the 
normal fetal P0 2 is, by adult standards, very low (P0 2 -20-30 mmHg). The 
ductus arteriosus (DA) connecting the pulmonary artery and aorta is one of the 
vessels that act as an 0 2 sensor. In the normal fetus the placenta provides 
oxygenation. The DA is tonically open and shunts blood away from the non- 







137 



expanded fetal lungs. After the first breath, the increase in P0 2 triggers DA 
smooth muscle cell (DASMC) contraction, thereby directing blood to the 
pulmonary vasculature. In addition to the DA response, adrenomedullary cells 
also release catecholamines in response to hypoxia, which prepares the fetus for 
stress during labor (36, 48). It now appears that each of these 0 2 sensing systems 
consists of a sensor that alters the production of a mediator in response to 
changes in P0 2 . The mediator, in turn, alters the function of one or more 
effectors, which ultimately mediate the physiologic response of the system (73, 
74). Teleologically it is optimal that the sensor responds to levels of hypoxia that 
are mild or brief enough so that ATP levels are preserved, averting tissue 
damage. An array of 0 2 sensing systems has evolved to maintain the Po 2 within 
a tight physiological range, thus stabilizing ATP production and promoting 
survival during the periodic exposures to hypoxia that occurs in most aerobic 
lives. Often the sensor, mediator, and effector are linked in a functional unit. It 
appears that in many of these specialized tissues the sensor is the proximal 
portion of the mitochondrial electron transport chain (ETC), the mediators are 
ETC-derived activated oxygen species (AOS), and the effectors are redox- 
sensitive plasmalemmal K + channels. Although there may not be a single 0 2 
sensor, and despite the fact that response to hypoxia are modified by genetics and 
by neurohormonal factors, there is evidence suggesting that the proximal 
mitochondrial ETC is involved 0 2 sensing in several tissues and species (7, 72). 




Rotenone 



Figure 2. Hypoxia inhibits K + channels in rat resistance PASMCs. A: Whole cell K + current 
inhibition in response to hypoxia and rotenone (a complex I ETC blocker). B: PASMCs depolarize 
in response to hypoxia (Reproduced from Ref. 26). 




3. Properties and Controversies of Hypoxic Pulmonary 
V asoconstriction 

Reductionist models are useful in defining subcellular mechanisms, however 
it is crucial that the defining characteristics of HPV are preserved in the 
experimental models. HPV is a response to the decrease in P0 2 of the terminal 
airways and alveoli. Thus, a nominal decrease in alveolar P0 2 giving rise to 
arterial Po 2 of over 55 mmHg can trigger HPV (117). Earlier studies have shown 
that mixed venous 0 2 saturation failed to trigger pulmonary vasoconstriction 
(43), and HPV only occurs when a concomitant decrease in alveolar Po 2 is less 







138 



than 50 mmHg (85). However a component of the hypoxic response may relate 
to pre-capillary PA P0 2 (67). HPV is strongest in resistance PA (43, 51). The 
hypoxic response is rapid and reversible within seconds (Fig. 3A) (46). 
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Figure 3. HPV is intrinsic to the resistance PA and depends on extracellular Ca 2+ . A: When rat 
lungs and kidneys are perfused in series, hypoxia (induced by ventilating the lungs with hypoxic 
gas) causes pulmonary vasoconstriction and renal vasodilation in the presence of NO synthase and 
prostaglandin synthesis blockers. B: SMCs from small- (<200 pm) and medium- (200-600 pm) 
sized PAs constrict to hypoxia, whereas SMC from large (>800 pm) PAs and systemic (cerebral) 
arteries do not. C: The L-type Ca 2+ channel blocker verapamil reverses HPV. D: [Ca 2+ lj in PASMC 
increases in response to superfusion with a hypoxic solution or angiotensin II (A-II) (Reproduced 
from Refs. 17,70). 



Most studies ofHPV in isolated lungs examine the initiation of HPV. Thus 
they focus on a short duration of hypoxic exposure and often differ in rationale 
and design from studies of sub-acute hypoxia in humans or in isolated PA rings. 
In vivo, it appears that HPV occurs in two continuous, constrictor phases. In 
humans, HPV increases in a progressive biphasic manner with a smaller initial 
rapid constrictor phase followed by a gradual increase in pulmonary vascular 
resistance over 2-3 hrs which then plateaus for at least 8 hours hypoxia (32). In 
PA rings, a biphasic response has also been noted, although there is more 
disagreement about the basis/importance of these two components of the 
response. Bennie et al. described a phase 1 constriction which was endothelium 
independent, and a later phase 2 constriction that was endothelium dependent 
(20). However, in another study of isolated arterial rings, Leach et al. found that 
hypoxia causes aphase 1 constriction reaching apeak within 2-3 min, followed 
by a slowly developing (>45 min) contraction (phase 2). They noted that the 
phase 1 transient contraction was similar in large and small PAs and mesenteric 





139 



arteries whilst the sustained phase 2 response was seen only in the PAs (54). 
Removing the endothelium abolished phase 2 and had no significant effect on 
phase 1 in large PAs, but reduced phase 1 in small arteries by 40% (54). 
Although HPV in vivo is biphasic, the response is one of progressive constriction 
(i.e., there is not transient constriction which first abates before a more sustained 
phase begins). However, consistent with the proposed mechanism of HPV (126), 
it has been noted that verapamil substantially reduces phase 1 and abolished 
phase 2 constriction. 

When resistance PAs were cannulated and pressurized to 10-20 mmHg 
(similar to in vivo conditions), a monophasic contraction was achieved (59, 65). 
In the absence of an intact endothelium, HPV could be restored by pretreatment 
with endothelin (ET-1), suggesting that some priming effect by the endothelium 
may be necessary (59). However, we have found that a monophasic response can 
be elicited from non-pressurized resistance mouse PAs without pharmacological 
priming (12). Leach et al. also used priming to cause preconstriction (54). It is 
probable that intergroup differences in describing the endothelium-dependence 
of the response relate in part to issues such as the vascular segment studied and 
the use of priming (preconstriction). Moreover, removing endothelium from 
small PAs is challenging and may inadvertently damage the vessel. Nonetheless, 
numerous endothelium-derived vasoconstrictor substances enhance HPV 
(leukotrienes, endothelin) and numerous endothelium-derived vasodilators 
reduce HPV (nitric oxide, adrenomedullin, prostaglandin I 2 ) (6, 59). Consistent 
with this, hypoxic contraction has been elicited in isolated resistance PASMCs, 
and is notably absent in proximal PASMCs or SMCs from systemic arteries 
(122). Thus, while the endothelium unquestionably plays an important role in 
determining the amplitude and kinetics of HPV, there appears to be a core HPV 
response that can be elicited from the artery in the absence of endothelium. 
Likewise, the core of the carotid body’s hypoxic response (63) and the 02- 
response of the human DA (74) can be seen ex vivo in cellular preparations that 
lack endothelium. In the case of the ductus arteriosus, the 0 2 sensor works 
normally in the presence of effective endothelin inhibition (73). 

HPV and most other 0 2 sensor systems are dependent on influx of 
extracellular Ca 2+ , and the primary portal of entry is the L-type voltage-sensitive 
Ca 2+ channel. L-type Ca 2+ channel antagonists inhibit most (>80%) of the 
hypoxic constrictor response (Pig. 3C) whilst the Ca 2+ channel agonist 
BAYK8644 enhances HPV (8, 36, 38, 69, 70). This dependence on extracellular 
Ca 2+ for activation of the 0 2 sensor pathway is also true in the ductus arteriosus 
(73, 120), the carotid body (78, 111) and the adrenomedullary cell (62). 
Although hypoxia also causes release of Ca 2+ from intracellular pools (Fig. 3D), 
the relative role of intracellular release of Ca 2+ remains controversial (123). 

While the voltage-sensitive Ca 2+ channels have some intrinsic 0 2 sensitivity 
(33), they are largely responding to changes in membrane potential, as 
determined by K + channels (4). Lloyd demonstrated a Po 2 -dependent contraction 




140 



of PAs treated with the K + channel blocker procaine (60). Subsequently, it was 
shown that hypoxia depolarizes PASMCs. The implied ability of hypoxia to 
inhibit K + channels was directly demonstrated in 1992 (93) and was subsequently 
confirmed by other groups (113, 134). K + channel inhibition depolarizes the 
plasma membrane and activates the voltage-gated Ca channel to increase 
intracellular [Ca 2+ ] (126). Hypoxia and metabolic inhibitors cause constriction 
only in the pulmonary circulation, whereas they cause vasodilation in most 
systemic vascular beds (10, 61, 103). Indeed, the response of even the proximal 
PAs to hypoxia is predominantly vasodilation (11, 20). The localization of the 
hypoxic response appears to result from diversity in the local expression of (In- 
sensitive K + channels, with these voltage-gate K + channels (K v ) being 
predominantly functional in resistance ( vs conduit) PAs (1 1), a finding recently 
confirmed by another group (112). Within the vasculature, hypoxia-sensitive 
whole cell K + current is specific to PASMC, and is not found in renal (93) or 
splanchnic (134) arterial SM. However, 0 2 sensitive K + channels are found in all 
other 0 2 -sensitive tissues (26, 64, 86, 93, 120, 130, 134). Progress has been made 
recently in determining the molecular identity and regulatory pathways by which 
these channels respond to changes in P0 2 . 

In an interesting parallel to the carotid body, chronic hypoxia causes 
hypertrophy of PASMCs and diminishes the magnitude of the response to acute 
hypoxic ventilation. This is also true in PAs isolated from humans with chronic 
obstructive pulmonary disease (COPD). HPV was diminished in PAs from 
hypoxic patients (71), but was preserved in PAs from normoxic COPD patients 
(87). The magnitude of HPV in vitro was inversely related to the systemic P0 2 
in these chronically patients (87). Thus both PAs and carotid bodies down- 
regulate their 0 2 sensing functions in response to chronic hypoxia. 

This chapter will specifically deal with the pathway of how 0 2 -sensitive K + 
channels and the network of mitochondria that permeate the vascular SMC 
interact to generate HPV. We will explore an increasingly accepted redox 
mechanism for HPV (3, 7, 10, 17, 72, 74), which may have relevance most 0 2 - 
sensitive tissues. This pathway involves PASMC mitochondria acting as redox 
sensors, producing activated oxygen species (AOS) in proportion to Po 2 , which 
serve as diffusible mediators that modulate the activity of several 0 2 -sensitive K + 
channel (e.g., K v 1.5 and K v 2.1) (Fig- 4). These redox sensitive K + channels 
control tone through their effects on membrane potential and the L-type Ca 2+ 
channel. Before delving into the interaction of all three factors as a “functional 
hypoxic-sensing unit”, the characteristics of each component will be examined. 

4. Mitochondria as Oxygen Sensors 

The mitochondrion’s role as the predominant site for 0 2 consumption and 
ATP synthesis makes it an obvious candidate site for an 0 2 sensor. The finding 
that inhibition of the mitochondrial electron transport chain (ETC) mimics 
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hypoxia further supports this hypothesis (4). Indeed ETC inhibitors cause 
pulmonary vasoconstriction, systemic vasodilation and carotid body activation, 
a set of responses elicited by few other stimuli save hypoxia (4). 




Figure 4 : Mitochondria regulate K + channel function through the production of diffusible reducing 
equivalents and AOS in response to hypoxia. Hypoxia inhibits the proximal ETC (pETC), 
resulting in decreased production of AOS (0 2 “ and H 2 0 2 ). The loss of tonic normoxic AOS 
reduces and inhibits K v channels, depolarizing the PASMC and opening voltage-gated, L-type 
Ca 2+ channels, causing [Ca J+ ] t to rise and constriction to occur. PDH, pyruvate dehydogenase. 



In 1981, Rounds and McMurtry (103) reported that certain inhibitors of ETC 
and oxidative phosphorylation (including azide, cyanide, antimycin A, and 
rotenone) mimicked the HPV in isolated blood-perfused lungs. Furthermore, the 
same mitochondrial inhibitors which block cytochrome c oxidase (cyanide or 
azide), stimulated hypoxia-mediated activation of the carotid body. These early 
studies suggested that the basis for this mimicry of HPV was a decrease in ATP 
production due to inhibition of oxidative phosphorylation. In support of this 
“energy hypothesis” inhibition of glycolysis also had similar effects as hypoxia 
or ETC inhibitors (79, 1 15). However, it appears that it is the mitochondrion’s 
ability to alter cellular redox state and produce diffusible redox mediators, rather 
than its well-established role in producing ATP, that underlies its role as an 0 2 
sensor. Subsequent studies of HPV (induced by moderate hypoxia in perfused 
lungs) showed no association between HPV and depletion of ATP and adenylate 
charge (23). Although anoxia (P0 2 <10 mmHg) does cause ATP depletion, this 
results in pulmonary vasodilation, rather than constriction, in paid by the 
activation of K ATP channels (129). In the isolated rat lung, it has been reported 
that ATP and ATP/ADP ratios are preserved after exposure to an alveolar Po 2 of 
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7 mmHg, or to C0/0 2 ratios of 10/1 for up to 1 hr. Using 31 P-NMR, Buescheret 
al. showed no change in energy status in whole lungs during hypoxic ventilation 
when compared to its control normoxic counterpart (23). Moreover, other 
metabolic markers such as pH, phosphocreatinine, and phosphate are also 
conserved in PAs exposed to hypoxia (55). Thus, the theory that a change in 
energy status acts as an 0 2 sensing mechanism seems unlikely. Teleologically, 
it would seem undesirable to wait until energy had been depleted before 
optimizing ventilation-perfusion matching (which could provide more 0 2 ). 
Furthermore, the lungs consume little 0 2 and, unlike in the heart, monitoring 
lung ATP levels provides little insight into the organ’s function. 

Another school of thought in 0 2 -sensing is that the mitochondria are involved 
in 0 2 sensing through the production of AOS. In 1986, our laboratory proposed 
a link between mitochondrial AOS production, cellular redox status, K + 
conductance, membrane potential, and HPV (7). Subsequently, we found that 
inhibitors of complexes I and III, but not complex IV, cause pulmonary 
vasoconstriction, inhibit K + current (I K ), and prevent further HPV. Furthermore, 
inhibitors of complex I and III also cause systemic vasodilatation and do not 
inhibit I K in systemic arterial SMCs, once again mimicking hypoxia (72). It is 
noteworthy that one of the putative mediators of HPV mimic hypoxia’s opposing 
effects on the pulmonary and systemic vasculature (72). Further studies have 
shown that mitochondria generate superoxide anion (0 2 '~) at complex I and III 
that is dismutated by mitochondrial specific manganese superoxide dismutase 
(MnSOD), generating the diffusible signal molecule hydrogen peroxide (H 2 0 2 ). 
Several other groups have recently suggested that complex III may be more 
important than complex I (53, 125), although our group continues to find a role 
for both complexes in both the PA (72) and ductus arteriosus (74). The question 
remains as to how mitochondria are able to accomplish this task. 

The 0 2 sensing function ofPASMC mitochondria is tied to the redox cascade 
within the ETC. Electrons from reduced nicotinamide adenine dinucleotide 
(NADH) and flavin adenine dinucleotide (FADH 2 ), are transferred down a redox 
gradient from potential of -0.35 for NADH/NAD + to +0.82 for 0 2 /H 2 0 (Fig. 5) 
(4). The terminal electron transfer to 0 2 forms water. Four multicomponent 
megacomplexes accomplish the transfer of electrons. With each electron 
transferred down the ETC, a hydrogen ion is translocated across the inner 
mitochondrial membrane creating the very negative mitochondrial membrane 
potential (AT,,,). It is the potential energy from this proton gradient that is 
utilized for ATP synthesis. Thus there is a link between electron donors, electron 
flux and production of AOS. It appears that complexes I and III are particularly 
important in 0 2 sensing mechanisms because it is at these sites that AOS are 
generated (10, 19). The peroxides can then diffuse to the plasma membrane 
whilst it may be that superoxide anion can move through diisothiocyano-2,2 
disulfonic acid stilbene (DIDS)- and voltage-sensitive anion channels, validating 
mitochondria as sources of cytosolic superoxide anion (39). 
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Figure 5: Sites of AOS generation in the mitochondrial ETC. Electrons flow down the ETC driven 
by a difference in the redox potential between -0.4 V in complex I and +0.8 V in complex IV. As 
the electrons flow towards their final target, 0 2 , they release electrochemical energy, which is used 
to synthesize ATP. Most of the "drop" in redox potential occurs in complexes I and III, sites that 
are responsible for most ofthe mitochondrial AOS production and ATP synthesis. Rotenone blocks 
complex I; thenoyltrifluoroacetone (TTFA) blocks complex II. Both agents inhibit electron entry 
to ubiquinone. Antimycin and cyanide are blockers of complexes III and IV, respectively. 



4.1. Complex I (NADH Ubiquinone Oxidoreductase) 

During oxidative phosphorylation, electrons pass through a series of 
membrane-bound multiprotein complexes that translocate protons across the 
membrane, resulting in a proton-motive force used by ATP synthase to make 
ATP (1). It couples the transfer of two electrons from NADH to ubiquinone to 
the translocation of four protons across the inner mitochondrial membrane. 
Complex I is the first of these electron transfer complexes and accounts for up 
to 40% of the pumped protons (50). In human mitochondria, complex I is also 
a major source of activated 0 2 species. Complex I or the NADH-ubiquinone 
oxidoreductase is a macromolecular assembly of 43 subunits catalyzing electron 
transfer from NADH to ubiquinone through flavin mononucleotide and up to 7 
iron-sulfur clusters (107). It is one ofthe most complex subunits known, with a 
molecular mass of about 1000 kDa (80). Thirty six of complex I’s subunits are 
encoded by nuclear DNA whilst 7 are encoded by mitochondrial DNA. This 
includes several prosthetic groups including FMN, at least 7 Fe-S clusters, and 
five molecules of protein bound coenzyme Q; a natural acceptor of electrons. 
Complex I is the first site of oxidative phosphorylation but its function is still 
incompletely understood (21). It is hypothesized that Fe-S clusters might act as 
redox centers; however, the precise location within the cluster is still elusive. 

Early experiments proved the involvement of complex I in AOS production. 
The addition of low concentrations of either NADH or NADPH, which feeds the 
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electron to complex I at a slow rate, leads to copious AOS production, detected 
by lipid peroxidation (118). In another study, water-soluble CoQ homologues 
used as an election acceptor from isolated complex I stimulated H 2 0 2 production, 
which in turn was partly inhibited by rotenone, indicating that water-soluble 
quinones may react with 0 2 when reduced at sites both prior and subsequent to 
the rotenone block (108). Complex I is very sensitive to a variety of structurally 
diverse toxicants, including rotenone, piericidin A, bullatacin, and pyridaben. 
Affinity labeling of complex I by rotenone analogues has shown recently that a 
23 kDa PSST subunit of complex I is the likely binding site for these inhibitors 
and thus is the subunit that plays a key role in electron transfer by functionally 
coupling iron-sulfur cluster to quinone (108). The proximity ofthis binding site 
to a possible 4 Fe-S cluster in PSST suggests that this subunit is the site of final 
transfer of electrons, the Fe-S proteins to quinone and a likely site for 
semiquinone generation. There is evidence that the one-electron donor to oxygen 
in complex I is a non-physiological quinone reduction site. The cDNA of the 
human PSST protein was used to investigate tissue-specific expression and to 
localize the gene for this subunit to chromosome 19pl3 (45). It is a hydrophilic 
site, which reduces several quinones to semiquinone, and since they are unstable, 
can reduce 0 2 to 0 2 '~ (30). Thus, it may represent a potential site for 0 2 * 
generation. Indeed, duroquinone, a soluble analog of co-enzyme Q, constricts 
PAs and inhibits I K in PASMCs (99). 

In addition to direct studies for 0 2 * generation measurements, complex I 
deficiency (and its associated diseases) has been shown to generate AOS. 
Complex I deficiency displays a wide spectrum of phenotypes ranging from 
exercise intolerance to cataracts and development delay, which includes Leigh 
disease characterized by degeneration of basal ganglia and/or cardiomyopathy 
withorwithout cataract, and fatal infantile lactic acidosis (101). A more detailed 
investigation showed the correlation ofincreased levels ofexpression ofMnSOD 
(a compensatory response) with a poor prognosis in complex I deficiency (91, 
101). Excess AOS production is further complicated by damage to other systems 
such as mitochondrial aconitase, complex I, and succinate dehydrogenase which 
have functional Fe-S centers (site of 0 2 ‘ reactivity) (34). This damage is 
pronounced in MnSOD knockout mice where 0 2 ‘~ produced in the mitochondria 
is not removed by the normal radical scavenger mechanisms (56). 

4.2. Complex II and IV 

Complex II is a flavoprotein dehydrogenase which uses succinate as an 
exogenous substrate. The main function of this complex is to transfer the 
electrons from FADH 2 (reduced ubiquinone) to FAD + (oxidized ubiquinol). 
Complex II is generally involved in electron flux from complex I to complex III. 
Similarly, complex IV, cytochrome oxidase, is composed of two cytochromes, 
a and a 3 , and accepts electrons from reduced cytochrome c and passes them to 
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0 2 . Thus, complexes II and IV are involved in shuttling electrons but play no role 
in generation of AOS. Inhibition of complex IV with cyanide does cause a 
transient pulmonary vasoconstriction, associated with increased AOS production 
(10). Recently we have demonstrated that while docs depolarize in response 
to cyanide in 0 2 -sensitive SMCs, these mitochondria are much less sensitive than 
those in cardiac cell lines, consistent with there being functionally different 
mitochondria in different cardiovascular - tissues (72, 74). 

4.3. Complex III (Ubiquinol-cytochrome c Oxidoreductase) 

Complex III is responsible for taking reducing equivalents from complex II 
contained in ubiquinol and transferring them through reactions with cytochrome 
b, the Rieske Fe-S protein and cytochrome c„ to the final electron acceptor 
cytochrome c. In the process, two species of semiquinone are generated. The Q- 
cycle mechanism proposed for the operation of the ubiquinol cytochrome c 
reductase outlines these two sites. Ubiquinol donates one electron to the Rieske 
Fe-S protein (a myxothiazol-inhibitor site) generating a semiquinone in 
proximity to the outer face of the inner membrane, which then reduces the first 
cytochrome b heme (b L ) (121). The second cytochrome b heme (b H ), situated 
closer to the matrix side of the membrane, accepts an election from the first 
heme (b L ) and reduces ubiquinone to form ubisemiquinone and, with the passage 
of another electron, ubiquinol (the antimycin A-inhibitor site) (121). The transfer 
of the first electron is a relative low potential transfer with a redox potential of 
about +200 mV, however, the loss of the second electron from the resulting 
semiquinone anion to fully oxidized ubiquinol is much more energetic with a 
redox potential of about -200 mV. Thus, two ubiquinone molecules are oxidized 
at the outer site, transferring two electrons to cytochrome c (77). 

The two inhibitors antimycin and myxothiazol, although they inhibit complex 
III electron transfer equally, have dramatically different effects on 0 2 *~ 
production. Blocking electron passage out of cytochrome b H prevents the 
semiquinone from donating its electron and so, inhibition with antimycin, in 
some models, produces a more than tenfold increase in 0 2 *~ formation because 
it prevents ubisemiquinone formation at the cytosolic side of the inner 
mitochondrial membrane (57). However, in the pulmonary circulation we have 
found that antimycin, like rotenone, reduces normoxic generation of AOS (10, 
19). Whether this reflects measurement errors or true differences in the effect of 
the inhibitors that relate to the type of mitochondria under study is unknown. 
Recent data suggest that there are significant differences in mitochondrial 
respiration and AOS production between lung and renal mitochondria (72). 

However, the question remains about the relative importance and 
contribution of complexes I and III in 0 2 sensing. First, let us consider the 
hemodynamic effects of ETC inhibitors (Fig. 6). Rotenone and antimycin, but 
not cyanide, cause an increase in PVR in isolated lungs, and a fall in renal 
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vascular resistance, mimicking the effects of hypoxia. These opposing effects are 
also seen in isolated PA vs. RA rings (72). In the first systematic exploration of 
the theory that mitochondria are the pulmonary vascular 0 2 sensors we showed 
that inhibiting complexes I and III (but not complex IV) caused PA constriction, 
inhibited subsequent HPV and like hypoxia reduced levels of AOS. 
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Figure 6: The effects of ETC inhibitors and hypoxia on AOS generation and PVR are concordant. 
In the Krebs’-albumin perfused isolated rat lungs, PA pressure reflects pulmonary vascular 
resistance because flow is held constant. Chemiluminescence, measured by two different methods 
(luminol and lucigenin enhancement), is decreased (open bars) whereas PA pressure is increased 
(solid bars) in response to rotenone and antimycin (Reproduced from Ref. 10). 



Leach et al. reported that inhibition of complex I with rotenone resulted in 
inhibition of HPV which could not be reversed by bypassing complex I by 
providing succinate as a substrate for complex II (53). They found that succinate 
successfully reversed the rotenone-induced inhibition HPV. Moreover, inhibition 
of complex III abolished HPV. They concluded that complex III is the primary 
site for AOS production. However, studies published by our laboratory show 
otherwise (72, 74). Both rotenone and antimycin cause PA constriction of a 
similar magnitude to that elicited by hypoxia. Furthermore, these agents inhibit 
subsequent HPV (10). It is also noteworthy that chronic hypoxia decreases the 
constriction to both hypoxia and rotenone, while the pressor response to other 
vasoconstrictors is enhanced, suggesting again that hypoxia and certain ETC 
inhibitors share a common pathway (97). Cyanide does not mimic hypoxia in our 
hands (10), nor does it do so in studies by another group (125). We have also 
found that rotenone and antimycin, like hypoxia, decrease H 2 0 2 levels regardless 
of the type of assays used (72). Thus, it provides evidence that perhaps both 
complexes I and III contribute to the AOS pool (72). Furthermore, a similar 
observation was made in DA where use of rotenone and antimycin A separately 
and in combination successfully relaxed 0 2 -preconstricted DA (74). In addition, 
these observations have been extended to the level of 0 2 -sensitive K + channel 
modulation and regulation of PA and DA tone. Thus, recent evidence suggests 
that both complexes I and III contribute to the AOS pool as suggested by our 
laboratory a decade ago. The difference in the conclusion reached by Leach et 
al. (53) and our laboratory might be due to the presence of PGF 2 and use of 
myxothiazol, a more proximal complex III inhibitor, in the perfusion system. 
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Moreover, use of rotenone in conjunction with succinate has been shown to 
generate reversed electron transport and methodological artifacts (1 14). Waypa’s 
conclusion that the mitochondria function as 0 2 sensors during hypoxia and that 
ROS generated in the proximal ETC act as second messengers to trigger calcium 
increases in PASMCs during acute hypoxia (125) mirrors our earlier conclusions 
(7, 10). However, our groups differ in two regards. We find AOS reduced in 
acute hypoxia (9, 13, 14, 97, 98) and we have evidence that complex I, as well 
as complex III, participate in the mechanism of HPV and 0 2 responses in the 
human ductus arteriosus (74). 

5. AOS as a Mediator 

AOS from mitochondria and other cellular sources have been traditionally 
regarded as toxic by-products of metabolism with the potential to cause damage 
to lipids, proteins, and DNA. To protect against the potentially damaging effects 
of AOS, cells possess several isoforms of the antioxidant enzyme as superoxide 
dismutase (SOD; which reduces 0 2 ‘" to H 2 0 2 ), as well as catalase (which reduces 
H 2 0 2 to H 2 0 and 0 2 ). Thus, oxidative stress may be broadly defined as an 
imbalance between oxidant production and the antioxidant capacity of the cell 
to prevent oxidative injury. Oxidative stress has been implicated in a large 
number of human diseases including atherosclerosis, pulmonary fibrosis, cancer, 
neurodegenerative diseases and aging (29). Yet the relationship between 
oxidative stress and pathobiology of these diseases is not clear, largely due to a 
lack of understanding of the mechanisms by which AOS function in both 
physiological and disease states. 

Accumulating evidence suggests that AOS are not always injurious by- 
products of cellular metabolism, but can also be important participants in cell 
signaling. The evidence can be found in bacteria as they use AOS to oxidize 
cysteine residues in oxidative stress-responsive protein (OxyR) to activate 
transcription (136). Similarly studies in E. coli showed that AOS was 
instrumental in oxidizing SoxR, triggering events which culminated in 
transcription of various factors including SOD (31). While bacteria use AOS as 
a physiological second messenger molecule, sea urchin uses H 2 0 2 to form a 
protective envelope around the freshly fertilized oocyte thus enabling procreation 
in animals (1 10). In mammals, the role of AOS has been studied extensively and 
has been shown to be an integral second messenger molecule in events critical 
for immunomodulation, regeneration of tissues, maintaining vasoreactivity of 
blood vessels and neural conduction (119). 

One of the primary AOS is 0 2 ". Superoxide itself can be toxic, especially 
through inactivation of proteins that contain Fe-S centers such as aconitase, 
succinate dehydrogenase, and mitochondrial NADH-ubiquinone oxidoreductase 
(34). Fortunately, 0 2 " in aqueous solution is short-lived. This instability in 
aqueous solution is based on rapid dismutation of 0 2 ‘" to H 2 0 2 , a reaction 
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facilitated by higher concentrations of the protonated form of 0 2 ' (H0 2 *) in more 
acidic pH conditions (34). The stability is further reduced by enzymes that have 
evolved with the task of detoxifying oxygen free radicals, collectively named the 
superoxide dismutases. There are three of them in mammalian systems: a 
cytosolic CuZn superoxide (SOD1; CuZnSOD), an intramitochondrial 
manganese superoxide dismutase (SOD2; MnSOD) and extracellular CuZn 
superoxide dismutase (SODS). Collectively, they catalyze the following reaction: 

2H + + 0 2 ” + 0 2 " -* H 2 0 2 + 0 2 

The dismutation reaction has an overall rate constant of 5 x 1 0 5 M' 1 s' 1 at pH 

7.0. SOD speeds up this reaction almost 10 4 fold (K d = 1.6 x 10 9 M' 1 s’ 1 ) (34). 
Thus, in physiological systems, superoxides are converted to the stable H 2 0 2 . 
Because of its stability, H 2 0 2 is used as a primary signaling molecule (24). 

AOS have been implicated in HPV. Although, the precise mechanism behind 
AOS mediated HPV is not fully elucidated yet, the implication of AOS in HPV 
has been widely recognized. Though AOS has been an accepted signal 
transduction molecule of HPV, two schools of thoughts (outlined below) prevail 
on how the AOS levels and subsequent HPV is regulated in physiological 
system. 

5.1. The Mitochondrial Redox Hypothesis 

The redox theory of HPV proposes that there is a tonic, basal production of 
AOS in the PASMCs, most likely generated by mitochondria (7). The “normal’' 
rate of generation of AOS causes physiological oxidation of K + channels in 
PASMCs, thus maintaining “normoxic vasodilation”, thereby contributing to the 
low basal tone of pulmonary arteries. Under conditions of alveolar hypoxia, 
production of AOS falls in proportion to the inspired 0 2 concentration (Fig. 7A). 
The result is the inhibition of normal AOS mediated dilatation and hence 
constriction (4). In support, our laboratory showed that a decrease in whole lung 
AOS production, as measured by chemiluminescence, precedes HPV (by 
seconds) (14). Non-redox dependent PA constrictors, such as angiotensin II, do 
not acutely alter AOS production. Furthermore, when antimycin A and rotenone 
were used to inhibit mitochondrial ETC, a similar decrease in measured 
chemiluminescence and increased PA pressure was observed (Fig. 7B) (10). 
Paky et al. also noticed inhibition of AOS production by hypoxia and antimycin 
A (82). However, these studies generated skepticism in some quarters because 
of concerns that lucigenin may itself trigger the redox cycle and purportedly has 
a propensity to measure cellular reductase activity independent from superoxide 
radicals. Furthermore, while the strength of these studies was the online 
measurement of AOS and its correlation with vascular tone, the 
chemiluminescence signal reflected the global superoxide anion generation by 
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all pulmonary cells near the lung surface (potentially including neutrophils, 
airway epithelium and smooth muscle, endothelium, and vascular SMCs) (109). 
To address these concerns, we utilized three different radical detection methods 
(lucigenin-enhanced chemiluminescence, AmplexRed H 2 0 2 assay, and 2'-7’- 
dichlorofluorescein (DCF)) for AOS measurement (72). We showed that in 
endothelium-denuded resistance PA rings, AOS levels were decreased during 
hypoxia as measured by these three different techniques. Furthermore, this 
decrease in AOS production was also noted in PA rings treated with proximal 
ETC inhibitors (72). This has been also supported by studies in other tissues and 
experimental models showing a similar decrease in AOS production during HPV 
(Fig. 7) (82, 97). 
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Figure 7. A: AOS production decreases with hypoxia, just prior to the onset of HPV. PA pressure 
and AOS production (luminol-enhanced chemiluminescence) were measured simultaneously in 
isolated rat lungs. The decrease in AOS production precedes the increase in PA pressure by 
seconds and occurs in a 0 2 "dose dependent" manner. B: Chronic hypoxia reveals similarities 
between acute hypoxia and rotenone. Simultaneous luminol chemiluminescence and PA pressure 
measurements in a normoxic isolated rat lung show that rotenone constricts the PA and decreases 
AOS production in a manner similar to hypoxia. In lungs from a rat exposed to chronic hypoxia 
(0.45 atmospheres for -3 weeks), HPV is suppressed while angiotensin II (All) constriction is 
unchanged (Reproduced from Refs. 14, 97). 

In the classical AOS response, ischemia-reperfusion, AOS are universally 
agreed to be reduced in the ischemic phase (analogous to hypoxia), and only 
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increase with reperfusion (analogous to the termination of hypoxia) (42). Thus, 
it has been consistently shown that hypoxia or conditions mimicking hypoxia 
(proximal ETC inhibitors) decrease AOS production. In fact this hypothesis has 
been extended to another 0 2 -sensing tissue, i.e., the ductus arteriosus (DA) (74). 
Studies in our laboratory have shown that DASMCs responded in accordance to 
the mitochondrial redox hypothesis. In human DASMCs, 0 2 causes constriction. 
We showed that, in response to increased ambient Po 2 , H 2 0 2 production was 
increased in DASMCs. This increase caused constriction of DASMCs, which 
was associated with an inhibition ofplasmalemmal K + channels. Thus it appears 
that the response of the K + channels to H 2 0 2 accounts for the opposing response 
of the PA and the DA to 0 2 . As in the PA, rotenone and antimycin mimic the 
effects of hypoxia on the DA (i.e., cause vasodilation) (74). Hence, it appears 
that during hypoxia, when ambient Po 2 is low, AOS production is decreased 
which subsequently translates into pulmonary vasoconstriction and dilatation of 
the ductus arteriosus. 

5.2. Increased Mitochondrial AOS Production Hypothesis 

In opposition to the theory that hypoxia results in a shift towards reduced 
state or decreased AOS levels, other laboratories have suggested a paradoxical 
increase in AOS generation during hypoxia. Marshall et al. found an increase in 
chemiluminescence during hypoxia in isolated PASMCs (66). A similar increase 
in oxidant signaling has also been reported in various hypoxic models. Recently, 
in parallel experiments in isolated perfused lungs and PASMCs (124), Waypa et 
al. showed that intracellular DCF was increased during hypoxic treatment, a 
response blocked by myxothiazol, a proximal ETC inhibitor. Based on these 
results the authors postulated that mitochondria indeed function as 0 2 sensor, but 
that increased rather than decreased mitochondrial AOS production triggers HP V 
(124). They agreed with the proposed role of H 2 0 2 as a probable signaling 
molecule. However, the use ofDCF to measure AOS is controversial as previous 
studies suggest DCF as a suboptimal fluorescent probe to measure 0 2 " based 
radicals. DCF readily detects nitric oxide (in fact even more efficiently than it 
detects AOS) (95). In addition, DCF itself has been shown to be a source of H 2 0 2 
generation, further complicating and questioning the use ofDCF as a fluorescent 
probe to detect 0 2 radicals (102). Rota et al. evaluated the sensitivity and 
specificity of DCF and found that, depending on the chemical environment, DCF 
is quite effective in generating AOS and therefore should not be used as a 
reliable probe (102). Furthermore, previously published studies have shown a 
decrease in AOS production, as detected using DCF as a fluorescent marker (28). 
Collectively, these studies show that DCF may not be an optimal marker for 
measuring AOS levels. Teleologically, an increase in AOS levels in the face of 
hypoxia seems unlikely. Electrons accumulating during hypoxia in mitochondria 
would react with 0 2 to produce 0 2 ". However, under hypoxic conditions, it is 
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difficult to conceptualize that 0 2 " production would increase as increased 
availability of electrons cannot be offset by decreased 0 2 availability. 
Furthermore, even in the myocardium where ischemia-reperfusion studies have 
long been conducted, AOS production decreases during ischemia (58) and 
increased AOS is only seen during reperfusion (58, 137). It would seem that the 
AOS status in the lung during hypoxia is more analogous to that of the heart 
during ischemia-not the reperfusion or reoxygenation phase. With cessation of 
hypoxia AOS levels in the lung rise, as expected and as is consistent with the 
termination of ischemia in the heart (albeit without much of an overshoot). 
Therefore, the studies cumulatively suggest that, under hypoxic conditions, 
withdrawal of AOS is the mediator of vasoconstriction in pulmonary vascular 
beds. 

6. K + Channel as an Effector 

In 1986, we hypothesized that HPV related to inhibition of K + conductance 
(7). Hasunuma et al. found that the K v channel blocker 4-aminopyridine (4-AP) 
caused pulmonary vasoconstriction that could, like HPV, be prevented by 
nifedipine in the isolated rat lung model (40). In 1992, studies done by Post et 
al. showed that hypoxia inhibit whole cell I K in canine PASMCs and depolarize 
the membrane of canine PASMCs (93). This work initiated extensive research 
to evaluate the role of K + channels in HPV. 

K + channels are proteins consisting of four transmembrane-bound pore- 
forming a subunits, often associated with four regulatory P subunits (2). The K + 
channel pore is conferred by the formation of tetramers of a subunits. The 
subunits determine the intrinsic conductance and voltage sensitivity of the 
channel. On the other hand, P-subunits are small subunits that associate with the 
a subunits and alter the channel’s activation and inactivation kinetics (92). There 
are several types of K + channel a-subunits, including K v channels, inward 
rectifier K + channels (K ir ), ATP-sensitive K + channels (K ATP ), and Ca 2+ -activated 
K + channels (K Ca ) (92). Despite the existence of different kinds ofK + channels, 
the K v channels in particular have emerged as a participants in HPV, in large part 
because they control resting membrane potential and are redox-sensitive 
(opening when oxidized and closing when reduced) (97). 

K AX p channels are sensitive to changes in intracellular ATP and therefore are 
regulated by the cell’s metabolic status (76). Because of this, K ATP channels have 
been proposed as ideal candidates for HPV. However, it was quickly established 
that K atp channels do not contribute to HPV because glibenclamide, a K ATP 
inhibitor, had no effect on pulmonary perfusion pressure in hypoxia (40). 
Similarly, the role of K jr channels in HPV is less clear, as its presence in PASMC 
(as opposed to the endothelium where it is abundant) is still questionable (76). 
Kca. on the other hand, seem to act as a brake on HPV. Big conductance K Ca 
(BKJ channels control the arterial smooth muscle membrane in a negative 
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feedback mechanism (76). At less negative or positive potentials, when the 
arterial bed is constricted and intracellular Ca 2+ is increased, BK Ca channels are 
activated, leading to K + efflux and restoration of membrane potential toward 
more negative values (hyperpolarization) (96). In cerebral arteries, hypoxia 
activates BK Ca channels (37). Thus, although many different K + channels exist, 
the K v channels are the only most likely candidates for HPV. 

K v channels are important determinants of membrane potential (E m ) of 
vascular SMCs. When K v channels close and the tonic efflux of K + is decreased, 
the cell interior becomes relatively less negative (depolarized). At these 
potentials (i.e., -30 to -10 mV) the opening probability ofL-type voltage-gated 
Ca 2+ channels increases. This increases Ca 2+ influx and activates Ca 2+ -induced 
Ca 2+ release, effectively increasing total Ca 2+ levels inside the cell. This increase 
in cytosolic Ca 2+ levels not only activates contraction via the actin-myosin 
apparatus but, in chronic settings, also increases the activation of immediate 
early genes to induce a proliferative response. Thus, regulation of K + channel 
activity and the subsequent regulation of Ca 2+ is important to maintain vascular 
tone and the morphology of the PASMCs (75). 

To date, nine families ofK v channel have been identified. These channels 
activate in a nonlinear fashion with depolarization and many are inhibited by 4- 
AP (100). Out of these, K v 1.2, K v 1.5, K v 2.1, K v 3.1b and K v 9.3 are present in 
the pulmonary vasculature. One or more of them may form the PASMC 0 2 
sensitive K v channel (27). The identification of the K v channels involved in the 
E m of PASMCs has been difficult, due to the lack of specific K v channel blockers 
and to the fact that the whole-cell K + current is an ensemble of currents 
conducted by many types of K + channels. The fact that glyburide and 
charybdotoxin, inhibitors of K ATP and BK Ca channels, respectively, do not cause 
much increase in PVR whereas 4-AP causes similar constriction to hypoxia, 
suggests that K v channels are key to HPV. Indeed the 0 2 sensitive I K in PASMCs 
is voltage sensitive (11, 16, 27, 132), To determine the molecular basis for the 
0 2 -sensitive I K , we “dissected” the whole cell current in rat PASMCs by making 
whole-cell patch clamp current recordings with or without antibodies directed 
against K v channels in the intracellular solution (17). When anti-K v 2.1 antibody 
was added to patch pipette, the outward K + current was inhibited and the 
membrane depolarized, suggesting that K v 2.1 plays a role in setting the resting 
membrane potential in rat resistance PAs. When anti-K v 1.5 antibody was added 
to the patch pipette, whole cell K + currents significantly decreased and the ability 
of both hypoxia and 4-AP to increase Ca 2+ in isolated PASMCs was attenuated. 
Thus, we showed that K v 1.5 andK v 2.1 are important components of whole-cell 
K + current in rat PASMCs. Moreover, it was found that although K v 2.1 sets the 
resting membrane potential, K v 1.5 is instrumental in mediating HPV (Fig. 8) 
(17). Subsequent studies have confirmed this, although it also suggests a role for 
K v 1.2/1.5 heterotetramers (44). Moreover, heteromeric channels comprised of 
K v 2. 1/K V 9.3 have also been implicated in the mechanism of HPV (84), although. 
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evidence ofheteromeric channels existing in vivo is lacking (116). Recently it 
has been demonstrated that K v channels are involved in 0 2 sensing, although the 
specific populations involved have yet to be definitively established. 
Interestingly, K v 1.5 and K v 2.1 appear to be involved in the human DASMCs’ 
response, although the sensitivity to H 2 0 2 is reversed compared to the PA (74). 
In a model for the NEB cell (lung carcinoma line H146), acute hypoxia inhibits 
I K and causes cell depolarization by inhibiting the tandem P domain family of K + 
channels, hTASKlor hTASK3 (132). In NEB cells, K + channelinhibitionresults 
in serotonin secretion as a consequence of membrane depolarization and a rise 
in cytosolic Ca 2+ (35). In the carotid body, it appeals likely that several K + 
channels may be involved in 0 2 sensing, including K V 3.X and K v 4.x channels 
(89, 105), and possibly TWIK or TASK, TASK-1, acid sensitive channels with 
four transmembrane segments and two pore domains (83). 
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Figure S: The role of K v 1.5 in HPV. A: Resistance PA rings from mice lacking K v 1.5 (K V 1.5' A ) 
have diminished HPV compared to wild-type mice. HPV was elicited from these rings without 
priming with a vasoconstrictor. B: PASMCs from Kyl.5''' mice have decreased 0 2 -sensitive 
current compared to wild-type mice. C: Antibodies against K v 1.5 and K v 2.1 (but not against 
GIRK1 ) channels inhibit K + current when applied intracellularly via the patch pipette (Reproduced 
from Ref. 12 with permission). 



Exposure to hypoxia for 1-2 weeks elicits chronic hypoxic pulmonary 
hypertension (CH-PHT). Rodent CH-PHT is a relevant model for PHT that 
occurs in humans living at high altitude and in patients with chronic lung 
diseases. Paradoxically, acute hypoxic pulmonary vasoconstriction is blunted in 
CH-PHT, whilst the response to other vasoconstrictors is preserved or enhanced 
(71, 90). This is associated with inhibition ofPASMC K + current (113) and a 
selective downregulation ofmRNA expression of some, but not all, PASMC K + 
channels (e.g., K v 1.5, K v 2.1, K v 4.3 and K v 9.3) (97, 135). CH also selectively 
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decreases function/expression ofthese channels in cultured PASMCs (18). Mice 
lacking K v 1.5 also have depressed HPV (16). Furthermore, anorexigens which 
have precipitated outbreaks of human PHT inhibit K + channels (11), including 
K v 1.5 (88). These data point strongly toward a role for K v 1.5, a slowly 
inactivating, 4-AP-sensitive K v channel, in the mechanism ofHPV. We recently 
utilized gene transfer to directly test the importance of K v 1.5 to the loss ofHPV 
that occurs with chronic hypoxia. We hypothesized that restoration of K v 1.5 
using gene transfer could be accomplished by nebulization of an adenoviral 
vector carrying the gene for K v 1.5 under a CMV promoter, thereby restoring 
K v 1.5 expression, reducing CH-PHT, and restoring HPV (94). In this recent 
study, we confirmed that administration ofK v 1.5 to the pulmonary circulation 
via an aerosol is feasible and effective in eliciting transgene expression in 
resistance PASMCs. Furthermore, expression of cloned human PA K v 1.5 
reduced PVR in experimental PHT. Furthermore, K v gene therapy with an 0 2 - 
sensitive channel restored HPV and 0 2 sensitive I K in rats with established CH- 
PHT. This study supports a central role for K V 1 .5 in the mechanism ofHPV and 
is consistent with the hypothesis that a K + channel deficiency state is involved 
in the pathogenesis of PHT (5, 133). 

The K + channel pore is formed by coordinated alignment ofkey amino acids 
in the S5-S6 region of each of the a-subunits. Some (but not all) K + channels are 
well suited to 0 2 sensing by virtue of possessing key cysteine and methionine 
groups. Reduction or oxidation ofthese residues by a redox mediator, such as an 
AOS, could cause a conformational change in the channel and thus alter pore 
function (17). Studies with AOS have shown that they can regulate protein 
function by five possible ways: i) modification of proteins by oxidation of 
cysteine residues (e.g., S-glutathionylation), ii ) formation of intra-molecular 
disulfide linkages (e.g., the oxidative stress-responsive protein OxyR), Hi) 
protein dimerization by inter-molecular disulfide linkages (e.g., activation by 
various protein kinase), iv) di-tyrosine formation by H 2 0 2 -dependent reactions 
(e.g., gp91 phox regulation of extracellular matrix), v) metal-catalyzed oxidation 
of protein by “Fenton-like” chemistry (e.g., protease action and ubiquitination) 
(119). In this regard, certain K + channels, including K v 1 .5, respond to reduction 
and oxidation by changing their gating characteristics and open state probability. 
In the PASMCs, oxidants (e.g., H 2 0 2 , diamide oxidized glutathione) increase I K 
whereas reducing agents (e.g., reduced glutathione and duroquinone) and agents 
that facilitate electron shuttling (e.g., the synthetic co-enzyme Q mimetic) inhibit 
I K (99). In accordance with their electrophysiological effects, oxidants dilate the 
pulmonary circulation (mimicking 0 2 ), while reducing agents mimic hypoxia 
(Fig. 9). Hypoxia and redox agents may alter the function of ion channels, 
specifically K + channels, directly (47) or by modulating levels of a diffusable 
redox mediator, such as an AOS. The existence of redox sensitive K + channels 
does not verify whether the electrophysiological effects of 0 2 are direct or 
mediated via a remote sensor that produces a mediator which ultimately alters 
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channel activity. However, research is warranted in this area to fully elucidate 
the precise mechanism behind AOS-mediated K v inhibition. 




Figure 9: Redox control of PA tone. A: The sulfhydryl oxidant, diamide, reverses HPV in 
anesthetized dogs. Preincubation of diamide with reduced glutathione prevents this effect. B: 
Endothelium-denuded PA rings constrict in response to the electron shuttling agent duroquinone 
and this is reversed by diamide (Reproduced from Ref. 99 with permission). 



Thus the K v channels themselves are redox-sensitive, which leaves the 
question: to what signal are they responding. While we propose that this signal 
is mitochondria-derived H 2 0 2 , other hypotheses have been advanced: altering of 
a membrane-bound 0 2 -sensitive regulatory moiety that is adjacent or coupled to 
the channel subunits, activating mitochondrial NADPH oxidase and increasing 
0 2 ”, inhibiting cytochrome P450, decreasing intracellular pH, releasing Ca 2+ 
from intracellular' stores and, recently, affecting directly the K v channel protein 
(116). In this regal'd, Marshall and Marshall have suggested a gp9 1 phox containing 
NADPH oxidase is involved in HPV (making more AOS during hypoxia) (66). 
In contrast, we confirmed that HPV and 0 2 -sensitive I K are preserved in mice 
lacking a functional NADPH oxidase (15). 

7. Summary 

In the redox theory of HPV, we propose the existence of a mitochondrial 
redox sensor in complexes I and III that is linked to several 0 2 -sensitive K + 
channels (e.g., K v 1.5) by diffusible redox mediators (e.g., H 2 0 2 ). In hypoxia, a 
rapid and dynamic alteration in levels of AOS will reduce critical amino acids 
in certain Kv channels which would translate into a conformational change ofthe 
channel, decreasing its open probability. The resultant E m depolarization 
increases intracellular Ca 2+ by promoting Ca 2+ influx. This increased Ca 2+ would 
act on the actin-myosin apparatus thus precipitating HPV (Fig. 10). 

One of the more viable alternatives to the mitochondrial origins of AOS is 
that a similar signal is derived from membrane-bound NADPH oxidase. The 
NADPH oxidase system is a multisubunit assembly consisting of a membrane- 
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bound catalytic complex of the 91 kDa subunit of cytochrome oxidase (gp91 phox ) 
and p22 phox , which altogether forms a flavo-cytochrome b 558 . The cytosolic 
regulatory component consists of p47 phox , p67 phox and other regulatory subunits 
such as the GTPase proteins Rac- 1 or Rac-2 (49). Studies in neutrophils have 
shown that electrons derived from NADPH are shuttled to 0 2 by the oxidase at 
a rapid rate during noimoxia generating 0 2 ". This 0 2 ‘ is converted to H 2 0 2 via 
SOD. The H 2 0 2 mediator induces a site-specific oxidation of cytosolic regulatory 
proteins (41). Because of its role in AOS generation, initially, it was believed 
that NADPH oxidase regulates 0 2 sensing in various systems such as the carotid 
body, neuroepithelial bodies and pulmonary vasculature (49). However, 
subsequent studies proved otherwise especially inpatients suffering from chronic 
granulomatous disease (CGD). CGD is a genetic defect in one or more of the 
subunits of NADPH oxidase and presents as a broad spectrum infection of organ 
systems with abscess formation. Although NADPH oxidase system is disrupted, 
patients with CGD are still able to maintain HPV (128). Furthermore, mice- 
deficient in NADPH oxidase activity by mutation of the X-linked gp91 phox , 
showed that HPV was unaltered. In addition, studies with rotenone constriction 
also showed that hypoxic response was preserved in these NADPH oxidase- 
deficient mice. Thus, this form ofNADPH oxidase does not contribute to HPV 
(15). However, it remains possible that a form ofNADPH oxidase called novel 
oxidase (NOX) may have a role. 



Normoxia ^ 
Oxidized = Open 



Hypoxia 

Kv Channel Reduced = Closed 
(Effector) 




Figure 10: Alternative sources of AOS for the proposed redox mechanism for HPV. The redox 
theory of HPV suggests that AOS are produced in proportion to Po 2 by 0 2 sensors, likely 
complexes I and III of the mitochondrial ETC, and possibly also cytochrome-based vascular 
oxidases. The changes in AOS production alter the gating and open probability of the effectors of 
HPV, the 0 2 -and redox-sensitive K v channels such as K v 1.5 and K v 2.1. 
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Vascular SMCs also contain g P 91 phox homologs, called NOX, which 
preferentially utilize NADPH versus NADH as substrate. NOXs are also 
inhibited by DPI and are potentially important sources of AOS production in 
systemic vascular SMCs (52). However, most studies of NOX have been 
performed in systemic arteries and have measured AOS production in response 
to vasoconstrictors (e.g., angiotensin II) or mitogens (e.g., PDGF). There is little 
evidence that NOX are involved in PASMC AOS production or HPV, since little 
AOS signal remains in the NADPH oxidase gp9 1 phox knockout mice. It is also 
noteworthy that angiotensin II does not cause an acute change in AOS 
production in mouse lungs at doses that cause vasoconstriction (14, 15). Perhaps 
the predominant source of AOS differs between Pas (where AOS may be 
signaling molecules serving to optimize 0 2 uptake from the environment) and 
systemic arteries (where AOS may be involved in the pathogenesis of 
atherosclerosis and systemic hypertension). 

8. Controversies 

In 2003, five major controversies remain regarding the mechanism of HPV. 
i) The role of the endothelium and ET-1: There remains healthy debate as to the 
relative contribution of the endothelium to HPV. In particular, there is still 
debate about whether ET-1 is (81) or is not (104) essential for expression of 
HPV. It appears that ET-1, in some species, exaggerates HPV, particularly if 
hypoxia is sustained; this may occur by an endothelium-mediated inhibition of 
K ATP channels (106). ii) The role of the intracellular Ca 2+ stores: The contribution 
of intracellular Ca 2+ pools to HPV is controversial, although there can be little 
debate that HPV is strongly inhibited by Ca 2+ channel blockers, iii ) The vascular 
0 2 sensor (mitochondria vs. NADPH oxidase): While there is growing evidence 
that mitochondria are the sensor for HPV, the precise complex involved remains 
controversial and a role for novel NADPH oxidases cannot be excluded. There 
is certainly evidence in some vascular - beds that the NADPH oxidases may be the 
predominant source of AOS. Intrinsic to this controversy is the identity of the 
putative redox signaling mediator. In the case of NADPH oxidase, the proposed 
mediator is the superoxide radical whilst signaling from the mitochondria likely 
involves diffusible H 2 0 2 . iv) Effects of hypoxia on AOS production: 
Surprisingly, there also remains debate as to whether hypoxia increases or 
decreases AOS production. Part of the confusion here may relate to the means 
of achieving hypoxia (9), the severity and/or duration of hypoxia, and the 
important difference between hypoxia vs. reperfusion following hypoxia, v) The 
molecular identity of the 0 2 sensitive K + channel(s): Finally, there is discussion 
about the molecular identities of the K v channels that are involved in HPV, 
although there seems to be consensus around a relatively short list which 
includes K v 1.2, K v 1.5, K v 2.1, K v 3.1b and K v 9.3. 

These controversies can certainly be resolved in a collegial manner as 
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scientists carefully examine the technical aspects of each others work that may 
underlie apparent discrepancies and more comprehensively employ genomics, 
proteomics, and integrative physiology, rather than relying on single inhibitors 
or single tissue preparations to reach conclusions. Finally, it appears virtually 
certain that many of the steps in HPV are shared with other specialized 0 2 sensor 
pathways and thus careful attention should be paid to findings in the carotid 
body, neuroepithelial body, adrenomedullary cell and ductus arteriosus. 
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1. Introduction 

The primary function of the pulmonary circulation is to maintain efficient gas 
exchange and provide adequate oxygenated blood to the body. The pulmonary 
vasculature is unlike systemic vascular beds in that pulmonary arteries are low- 
pressure, high-capacity vessels with thin distensible walls specifically adapted 
for gas exchange. Hypoxic pulmonary vasoconstriction (HPV) is specific to the 
pulmonary vasculature in that pulmonary arteries constrict in response to 
alveolar hypoxia to divert blood flow away from regions that are poorly 
ventilated by “sensing” the reduced alveolar oxygen tension (P0 2 ). However, in 
systemic vascular beds (e.g., coronary, cerebral, renal arteries), the physiological 
response to hypoxia is the exact opposite, causing vasodilation to increase blood 
flow and subsequent oxygen delivery. 

HPV can actually be of benefit during acute hypoxic events (e.g., an acute 
asthma attack) by diverting blood from poorly aerated regions of the lung to 
distribute blood flow to regions where adequate gas exchange can occur. This 
provides an automatic and relatively immediate control system for matching 
perfusion with ventilation in order to maximize oxygenation of venous blood in 
the pulmonary artery. On the other hand, chronic hypoxic exposure (e.g., chronic 
obstructive pulmonary disease, congenital heart disease, or high altitude habitats) 
causes a prolonged hypoxic environment in the lungs. The prolonged hypoxia 
and/or protracted HPV result in profound pulmonary vascular remodeling and 
pulmonary hypertension, leading to possible right heart failure. It would appear 
that acute responses to hypoxia alter cell physiology by modifying the molecular 
and cellular machinery already present allowing for the immediacy ofresponse; 
however, the chronic response would be expected to involve altered gene 
expression and modification of cell physiology at a more gross level. 

The precise mechanism or mediator of HPV is currently unclear. This chapter 
will discuss the relevance of cytoplasmic Ca 2+ and ion (e.g., K + and Ca 2+ ) channel 
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function and expression on acute and chronic responses to hypoxia in the 
pulmonary arteries. The role of signaling microdomains as structured and 
organized modulators of cell physiology comprised ofreceptors, mediators (e.g., 
cyclases, reactive oxygen species, arachidonic acid metabolites), and effectors 
(e.g., ion channels) will be considered in both acute and chronic hypoxia. In the 
latter case, it is possibly accounting for remodeling via a redistribution or 
differential expression of microdomain components resulting in an altered 
phenotype of the pulmonary artery (PA) smooth muscle cell (SMC). 

2. Role of Ca 2+ in Pulmonary Vasoconstriction and PASMC 
Proliferation 

Contraction of vascular smooth muscle permits active changes in diameter 
and wall tension of pulmonary blood vessels. An increase in cytoplasmic free 
Ca 2+ concentration ([Ca 2+ ] cyt ) in PASMC is a major trigger for pulmonary 
vasoconstriction and an important stimulus for PASMC proliferation. When 
[Ca 2+ ] cyt rises, Ca 2+ binds to calmodulin (CaM), and then activates myosin light 
chain kinase that phosphorylates the myosin light chain. The phosphorylation 
increases the myosin ATPase activity that hydrolyzes ATP to release energy. 
The subsequent cycling of the myosin cross-bridges produces displacement of 
the myosin filament in relation to the actin filament and causes contraction (96). 

In isolated PA rings (Fig. lAa), removal of extracellular Ca 2+ almost 
abolished the sustained pulmonary vasoconstriction induced by high K + (which 
induces membrane depolarization by shifting the equilibrium potential for K + ) 
(Fig. 1AZ?) and markedly inhibited vasoconstriction induced by phenylephrine 
(PE, which activates a-adrenogic receptors in the plasma membrane) (Fig. lAc). 
In the absence of extracellular Ca 2+ , application of vasoactive substances, such 
as PE, to the PA rings induces a transient contraction followed by a small 
sustained contraction (Fig. lAc). There results suggest that membrane 
depolarization-mediated pulmonary vasoconstriction completely depends on 
extracellular Ca 2+ , while the agonist-mediated pulmonary vasoconstriction is 
composed of at least three components: a transient contraction and a small 
sustained contraction that are not dependent on extracellular Ca 2+ , and a large 
sustained contraction that is dependent of extracellular Ca 2+ . The extracellular 
Ca 2+ -independent transient and sustained contractions are due to Ca 2+ release 
from the intracellular stores to the cytosol and to Ca 2+ sensitization of the 
contractile apparatus (or a Ca 2+ -insensitive mechanism), respectively (57, 96). 
The Ca 2+ -dependent sustained contraction is due to a rise in [Ca 2+ ] cyl as a result 
of Ca 2+ influx through sarcolemmal Ca 2+ -permeable channels. 

Intracellular Ca 2+ not only serves as a major trigger for vascular smooth 
muscle contraction (96), a rise in [Ca 2+ ] cyt is also essential for cell proliferation 
(8), migration (73), and gene expression (26). Ca 2+ diffuses quickly between the 
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cytosol and nucleus (3). In the cell cycle of mammalian cells, there are at least 
four Ca 2 7CaM-sensitive steps (Fig. 1 Be/): a) transition from G 0 (resting state) to 
G, phase (the beginning of DNA synthesis), b) transition from G, to S phase (an 
interphase during which replication of the nuclear DNA occurs), c) transition 
from G 2 to M phase (mitosis), and d) mitosis (M phase) (8). Maintenance of 
sufficient Ca 2+ within the intracellular Ca 2+ stores is required for cell growth; 
depletion of the SR Ca 2+ store induces growth arrest (94) and may trigger 
apoptosis (32). 




Figure 1. Extracellular Ca 2+ is required forpulmonary vasoconstriction and PASMC proliferation. 
A: Isometric tension was measured in isolated PA rings from rats (a). Vasoconstriction was 
induced by applying 40 mM K + (40K, b) or 2 pM phenylephrine (PE, c) in the presence or 
absence (OCa) of 1.8 mM Ca 2+ . B: Ca 2+ dependence of the cell cycle (a), A time course ( b ) of 
human PASMC proliferation in the presence of serum (5% FBS), growth factors, and extracellular 
Ca 2+ . Chelation of extracellular Ca 2+ with 2 mM EDTA inhibits PASMC proliferation (c). BM, 
smooth muscle basal medium; GM, serum- and growth factor-supplemented growth medium. 
***p<0.001 vs. GM (Reproduced from Refs. 28 and 52). 



The Ca 2+ /CaM-dependent propelling and progression of the cell cycle are 
regulated by both cytoplasmic and nuclear [Ca 2+ ] (31). For example, a rise in 
[Ca 2+ ] cyt activates Ras and CREB, two transcription factors that are involved in 
cell proliferation (3 1 ). An increase in nuclear [Ca 2+ ] activates AP- 1 , a family of 
transcription factors (e.g., c-Fos, c-Jun) that promote cell proliferation (8). 
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Furthermore, maintaining a sufficient Ca 2+ in the sarcoplasmic (SR) or 
endoplasmic (ER) reticulum (an organelle in which protein and lipid synthesis 
and sorting take place) is also required for cell growth (94). 

The Ca 2+ dependence of cell growth can be exhibited by examining whether 
removal (or chelation) of extracellular Ca 2+ or depletion of Ca 2+ in the SR affects 
cell proliferation in the presence of serum and growth factors. As shown in 
Figure IB, chelation of extracellular Ca 2+ significantly inhibits human PASMC 
growth in media containing 5 % fetal bovine serum and growth factors (epidermal 
growth factor, platelet-derived growth factor, endothelial growth factor, and/or 
insulin). Depletion of intracellularly-stored Ca 2+ in the SR using thapsigargin or 
cyclopiazonic acid (CPA) further inhibits PASMC growth (28, 94). The 
synergistically inhibitory effects of removal of extracellular Ca 2+ and depletion 
of stored Ca 2+ on PASMC proliferation indicate that both extracellular Ca 2+ and 
stored Ca 2+ are required for cell growth, and suggest that Ca 2+ influx is an 
important mechanism to maintain sufficient Ca 2+ in the SR. These results provide 
compelling evidence that a constant Ca 2+ influx and a sufficient level of Ca 2+ in 
the SR are both required for PASMC to proliferate. 

3. Regulation of Intracellular [Ca 2+ ] in PASMC 

The lipid membrane is impermeable to cations (e.g., K + , Ca 2+ ) and anions 
(e.g.. Cl ). Flux of ions across either the plasma membrane or the intraorganelle 
membrane requires ion channels which selectively allow various ions to go 
through based on their concentration gradients. Furthermore, ions can be 
transported across the plasma membrane and the intraorganelle membrane 
against their concentration gradients by ion pumps (or ion transporters) (10). 

The concentration of extracellular or intercellular Ca 2+ ([Ca 2+ ] oul ) is in the 
range of 1. 6-2.0 mM (similar to the concentration in the plasma), while the 
concentration of cytoplasmic Ca 2+ in an unstimulated cell is -100 nM. The 
concentration of Ca 2+ in the SR ([Ca 2+ ] SR ) has been demonstrated in the range of 
0.1-1.0 mM (10). Therefore, the Ca 2+ concentration gradient across the plasma 
membrane favors Ca 2+ entry to the cytoplasm, while the Ca 2+ concentration 
gradient across the SR membrane favors Ca 2+ mobilization from the SR to the 
cytoplasm (Fig. 2A). The passive Ca 2+ influx (from the extracellular milieu) and 
release (from the SR) to the cytoplasm are driven by the electrochemical gradient 
that causes [Ca 2+ ] cyt to rise without expenditure of energy. 

In vascular smooth muscle cells, [Ca 2+ ] cyt can be increased by a) Ca 2+ release 
from intracellular stores (mainly the SR) to the cytosol through Ca 2+ -permeable 
channels, such as inositol 1,4,5-trisphosphate (IP 3 ) and ryanodine receptor- 
coupled Ca 2+ release channels, in the SR membrane and b) Ca 2+ influx from 
extracellular/intercellular site to the cytosol through Ca 2+ -permeable channels in 
the plasma membrane (Fig. 2B). Increased [Ca 2+ ] cyt can be reduced to the resting 
level by Ca 2+ extrusion from the cytoplasm to extracellular/ intercellular site via 
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the Ca 2+ -Mg 2+ ATPase and Na + /Ca 2+ exchange in the plasma membrane and Ca 2+ 
sequestration from the cytoplasm into the SR via the Ca 2+ -Mg 2+ ATPase in the 
SR membrane (SERCA) (Fig. 2B). 




Figure 2. Schematic diagrams showing Ca 2+ distribution and ion channels involved in regulating 
[Ca 2+ ] cyt . A: Ca 2t is more concentrated in the extracellular milieu and in the sarcoplasmic 
reticulum (SR) than in the cytosol. B: Key ion channels involved in the regulation of [Ca 2+ ]^ 
include the plasma membrane voltage-dependent Ca 2 * channels (VDCC), store-operated Ca 2 ’ 
channels (SOC), and receptor-operated Ca 2t channels (ROC). Energy-driven transporters such as 
the Ca 2+ -ATPase and the Na + -Ca 2+ exchanger are primarily responsible for Ca 2+ extrusion from 
the cytosol. On the SR membrane, ryanodine (RyR) and inositol 1,4,5-trisphosphate (IP 3 ) 
receptors act as Ca 2+ release pathways from the SR while a Ca 2+ - ATPase pump is responsible for 
Ca 2+ re-uptake and replenishing of SR Ca 2+ stores. 



In vascular smooth muscle cells, the SR has been demonstrated as the 
dominant intracellular Ca store (9). There are two functionally and spatially 
distinguishable SR: a) an IP 3 -sensitive SR that is involved in Ca 2+ mobilization 
during agonist stimulation and is sensitive to the SR Ca 2+ pump inhibitors, 
cyclopiazonic acid (CPA) and thapsigargin (27); and b) a ryanodine-sensitive SR 
that is activated by caffeine and is responsible for Ca 2+ -induced Ca 2+ release (10). 
Both IPj- and ryanodine-sensitive SR functionally exist in PASMC. 

In pulmonary vascular smooth muscle cells, there are at least three 
functionally-distinct Ca 2+ -permeable channels expressed in the plasma membrane 
(Fig. 2B): a) voltage-dependent Ca 2+ channels (DCC) that are opened by 
membrane depolarization (60), b) receptor-operated Ca 2+ channels (ROC) that 
are opened by ligand binding with receptors (2); and c) store-operated Ca 2+ 
channels (SOC) that are opened by depletion of Ca 2+ from the intracellular Ca 2+ 
stores (i.e., the SR) (67). By governing Ca 2+ influx via VDCC, membrane 
potential (Zs m ) plays a critical role in regulating [Ca 2+ ] cyt (60) and excitation- 
contraction coupling in smooth muscle (96), as well as in regulating cell 
proliferation (78). 
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4. Regulation of Membrane Potential by K + Permeability 

Based on the Nemst equation, the K + equilibrium potential (E K ) is determined 
by the transmembrane K + concentration gradient: 



£k = 




[K]q 

[K]i 



where (RT/F) is 25.26 at 25 °C; and [K + ] out and [K + ] cyt denote extracellular and 
cytoplasmic K + concentration, respectively. According to the Goldman- 
Hodgkin-Katz (GHK) equation, the reversal potential (£ rev ) or zero-current 
potential is a function of the Na + , K + , Ca 2+ , and Cl' concentration gradient across 
the plasma membrane and the relative ion permeability (P): 



RT ] P^Klo+PNafNajo+PcitClJi 
F n PK[K]i+PNa[Na]i + Pci[Cl]o 



where o and i refer to extra- and intra-cellular concentration, respectively; P K , 
P Na , m&P cx denote the membrane permeability for K + , Na + , and Cl', respectively. 
Under resting conditions, the membrane permeability to K + (P K ) is much greater 
than the permeabilities to Na + (P Na ) and Cl’ (P a ). Thus, the resting E m (close to 
E kv ) is mainly controlled by P K and should be close to the E K . However, the 
measured E m in PASMC is often 20-35 mV apart from the E K , this is because of 
the contribution of the Na + and Cl' (as well as Ca 2+ ) permeabilities to the E m . 

4.1. Resting E m is Regulated by K + Channel Activity 

Resting E m is primarily determined by K + permeability. A typical cell has 
about 30 times more K + (~ 140 mM) inside the cell compared to extracellular K + 
(~5 mM). Thus, when K + channels open, it is favorable for K + to move out of the 
cell according to its concentration gradient leading to hyperpolarization. There 
are at least five functionally distinguishable K + channels found in vascular 
smooth muscle cells (including PASMC): a) voltage-gated K + (Kv) channels, b ) 
Ca 2+ -activated K + (K Ca ) channels, c) inward-rectifier K + (K iR ) channels, d) ATP- 
sensitive K + (K ATP ) channels, and e) tandem pore two domain K + (K T ) channels 
(43, 61). E m is controlled by a balance of outward currents (e.g., K + currents, 
Na + /Ca 2+ exchange currents, Na + pump currents) and inward currents (e.g.,Na + 
currents, Ca 2+ currents, Cl’ currents). In PASMC isolated from humans, rats, 
canines, and mice, activities of Kv (88, 95, 115), K AXP (16), K Ca (75), and K T (29) 
channels all contribute to the regulation of E m . Under resting conditions, 
inhibition of Kv channels by 4-aminopyridine (4-AP) causes membrane 
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depolarization, induces Ca 2+ -dependent action potentials, and increases [Ca 2+ ] cyt 
in PASMC (Fig. 3). These results suggest that activity ofKv channels plays an 
important role in regulating resting E m in PASMC (115). 




Figure 3. 4-Aminopyridine-sensitive Kv currents are involved in membrane depolarization and 
regulation of [Ca 2+ ] cyt . A: Representative currents, elicited by depolarizing a human PASMC to 
test potentials ranging between -60 and +80 mV from a holding potential of -70 mV, before 
(Control), during (4-AP) and after (Wash) treatment with 5 raM 4-AP. E m (B) and [Ca 2+ ] c) , (C) 
were measured in the current-clamp (7=0) mode and using fluorescence microscopy, respectively, 
before, during, and after application of 5 mM 4-AP (Reproduced from Refs. 37 and 78). 



4.2. Molecular Composition of Kv Channels 

Though current through each of the K + channels contributes to E m , the major 
determinant of resting E m in human and animal PASMC appears to be Kv 
channel activity (23, 115). At the molecular level, functional Kv channels are 
hetero- or homo-multimeric tetramers composed of two structurally distinct 
subunits: the pore forming a subunits and the cytoplasmic P subunits that 
regulate channel activity. Genes encoding a subunits for functional Kv channels 
are categorized into four subfamilies: Shaker (Kvl), Shab (Kv2), Shaw (Kv3), 
and Shal (Kv4). Recently, four additional subfamilies of inactive, or electrically 
silent, y subunits (88, 129) were cloned (Kv5, Kv6, Kv8, and Kv9) and described 
in PASMC (19, 70, 79, 80, 105, 125). Though expression of the electrically 
silent y subunits alone does not produce channel activity, coexpression of these 
subunits (e.g., Kv6 and Kv9) withfunctional a-subunits (e.g., Kv2. 1 and Kv2.2) 
results in functionally complex channel activity (66, 70, 91, 129). 

As for the regulatory P subunits, there are three subfamilies, Kvpl, Kvp2, 
and Kvp3 (49). P subunits can confer fast inactivation on slow or non- 
inactivating delayed rectifier Kv channels (e.g., Kvl. 2, Kvl. 5) (86), determine 
the responses of the a subunits to protein kinases and hypoxia (48, 49, 69, 76), 
and block Kv channels by acting as open channel blockers. Interestingly, it has 
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been reported that the Kv|31 subunits have high homology to the NAD(P)H 
oxidoreductase superfamily (51), suggesting that the p subunits play a critical 
role in regulating a subunit activity by sensing and responding to changes in Po 2 
(18, 69, 76), cellular redox status (86), and metabolism (e.g., ATP level) (70). 

5. Acute Hypoxic Regulation of Kv Channel Function 

Acute exposure to hypoxia increases pulmonary arterial pressure in rats (Fig. 
4A) and causes a sustained yet reversible contraction of both isolated pulmonary 
arteries (Fig. 4B) and isolated PASMC (59, 117, 120). Functional removal of 
endothelium enhances HPV in isolated PA rings (120), suggesting that HPV is 
intrinsic to the individual PASMC independent of the endothelium, neuronal 
control, and circulating regulators. All of the machinery required to sense and 
respond to hypoxia and regulate pulmonary vascular tone is integrated within the 
individual PASMC (45, 46, 59, 120). HPV depends on external Ca 2+ and is 
caused by a rise in [Ca 2+ ] cyt due, partially, to membrane depolarization-mediated 
opening of VDCC. This is supported by studies showing that the hypoxic 
contractile response is almost abolished by removal of extracellular Ca 2+ (Fig. 
4B) and the hypoxic pressor effect in intact rats and isolated perfused lungs is 
blunted by the VDCC blockers, verapamil and nifedipine (Fig. 4A) (52). In 
addition to opening VDCC, recent studies suggest that acute hypoxia could also 
raise [Ca 2+ ] cyt via capacitative Ca 2+ entry (CCE) or, possibly, voltage-independent 
pathways (see Chapters 6 and 9) (89). HPV is a critical physiological process for 
maximal oxygenation of venous (or pulmonary arterial) blood, therefore, it must 
be assured by multiple redundant mechanisms or pathways. 

5.1. Acute Hypoxia Induces Membrane Depolarization by Inhibiting 
Kv Channels 

In rat PASMC, acute hypoxia reduces K + currents by inhibiting Kv channels 
(Fig. 40/ ) (5, 63, 82, 83, 1 17). The inhibitory effect of hypoxia on Kv channels 
appears to be selective to PASMC; hypoxia has little effect on Kv currents (/ K(V) ) 
in mesenteric artery smooth muscle cells (MASMC) isolated from the same rat 
(Fig. 4CZ?). The inability of acute hypoxia to reduce / K(V) in MASMC also 
explains why acute hypoxia has little effect on mesenteric vascular tone (120). 
The acute hypoxia-mediated inhibition of Kv channels causes a sustained 
membrane depolarization in PASMC (Fig. 4D) andelicits Ca 2+ -dependent action 
potentials in some cells. The resultant increase in [Ca 2+ ] cyl (Fig. 4E) due to 
opening of voltage-dependent Ca 2+ channels triggers PASMC contraction by 
activating CaM and myosin light chain kinase and eventually causes pulmonary 
vasoconstriction (96). Consistent with the effect in rat PASMC, acute hypoxia 
also reduces / K(V) in canine (82, 83) and rabbit (63) PASMC. 
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Figure 4. Hypoxia modulates Kv channel function, membrane potential, pulmonary vasomotor 
tone, and pulmonary arterial pressure (PAP). A: Decreasing Po 2 to 1 0% caused a gradual increase 
in PAP that was sensitive to treatment by verapamil, a Ca 4+ channel blocker. B: Hypoxia causes 
vasoconstriction in an isolated small rat pulmonary artery ring. C: Hypoxia inhibits Kv currents 
(a) in PASMC but not in mesenteric arterial smooth muscle cells (MASMC, shaded bars, b). *** 
P< 0.00 1 vs. normoxia. D and E: Change in E m (D) and [Ca 2+ ] cyt (E) recorded upon decreasing Po 2 
from 149 to 8 mmHg (Hypoxia). E: Hypoxia reduces the steady-state open probability of unitary 
Kc channels from ~1 . 10 to —0.25 in cell-attached patches from isolated rat PASMC (Reproduced 
from Refs. 116-118). 



In addition to blocking Kv channels, acute hypoxia also reduces K currents 
by inhibiting K T (29, 63) and K Ca channels (Fig. 4F) (42, 74). A voltage- 
insensitive, sustained K + current was observed in rabbit PASMC, which has been 
demonstrated to be generated by K + efflux through K T channels (29, 63). 
Inhibition of the K T channels would also contribute to initiating membrane 
depolarization and [Ca 2+ ] cyl rise in PASMC challenged with acute hypoxia (29). 
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A rise in [Ca 2+ ] cyt induced by membrane depolarization-mediated Ca 2+ influx 
and/or agonist-induced Ca 2+ release activates K Ca channels in PASMC (74, 1 19). 
The resultant increase in whole-cell K Ca currents limits vasoconstriction by 
inducing membrane hyperpolarization and concomitant vasodilation. Large 
conductance (200-250 pS) K Ca channels in PASMC are synergistic ally regulated 
by cytoplasmic [Ca 2+ ] and E m . In other words, the acute hypoxia-mediated 
membrane depolarization and increase in [Ca 2+ ] cyl would markedly activate the 
large-conductance channels and limit hypoxia-induced membrane 

depolarization and pulmonary vasoconstriction. However, the observed response 
of E m (Fig. 4D) or pulmonary vascular tone (Fig. 4B) to hypoxia is a sustained 
depolarization or persistent vasoconstriction, suggesting that the negative 
feedback effect of K Ca channel activation is inhibited during hypoxia. Indeed, 
acute hypoxia, in addition to inhibiting Kv and K T channels for initiating 
membrane depolarization, also inhibits K Ca channels in cell attached membrane 
patches of rat PASMC (Fig. 4F). Similar results have been reported in rabbit 
PASMC (42) and carotid body cells (1 10). Acute hypoxia-induced inhibition of 
K Ca channels appears to be due to an intermediate released or produced during 
hypoxia, since the effect disappears in excised (inside-out) membrane patches 
(42, 82). However, chronic hypoxia-mediated inhibition of K Ca channels appears 
to be caused by direct effect on the channel expression and function (74). Thus, 
hypoxia-induced inhibition ofK Ca channels, although it may not be involved in 
triggering membrane depolarization, certainly plays an important role in 
maintaining membrane depolarization. 

5.2. Potential Mechanisms by Which Acute Hypoxia Inhibits Kv 
Channels 

As mentioned above, a functional Kv channel is composed of four pore- 
forming a (and y) subunits and four regulatory P subunits. In native cells 
including mammalian and human PASMC, functional Kv channels are believed 
to be mainly formed heterogenously by different a (and y) and P subunits (17, 
18). An attractive hypothesis is that the Kv channel (including the pore -forming 
a subunits, regulatory P subunits, and chaperone modulators) acts as both the 
sensor and effector of the response to acute hypoxia. In other words, hypoxia 
directly alters Kv channel functions by modulating amino acid residues that are 
sensitive to oxygen and redox status (44) without intermediates involved. The 
“direct-action” hypothesis appears to be supported by studies showing that acute 
hypoxia reduces the current generated by recombinant Kv channels expressed in 
heterologous transfection system (e.g., HEK-293, COS cells) (17, 69, 70). 
However, it has been reported that only certain a subunit homotetramers (e.g., 
Kvl.2, Kv3.2), a/a subunit heterotetromers (e.g., Kvl.2/Kvl.5, Kvl.2/Kv9.3), 
ora/p subunit heterotetromers (e.g., Kvl .2/Kvpi . 1 , Kvl ,5/Kvpi .2), are affected 
by acute hypoxia (35, 64, 69, 70), although the homology of amino acid 
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sequence among different Kv channel a subunits is very high (14). This suggests 
that acute hypoxia may also affect Kv channels by an “indirect-action” 
mechanism via, e.g., an intermediate or modulator (e.g., endothelin-1 or Ca 2+ ) 
produced or released during hypoxia (82, 93). 

5.2.1, Role of Kv Channel p Subunits 

The Kv channel P subunits have been demonstrated to serve as an oxygen 
sensor in hypoxia-induced inhibition of Kv channel activity (18, 76). If the 
regulatory P subunit senses low oxygen, it is likely that it can regulate the 
kinetics of channel opening and closing directly through physical interaction 
with the pore forming a subunits. The P subunit shares homology to NAD(P)H 
oxidase (51), possibly allowing it to sense oxygen tension and regulate the gating 
properties (e.g., conductance, voltage dependence, inactivation, pharmacological 
interaction with modulators, and binding activity with kinases) of the pore 
forming a subunit. In addition, certain P subunits have been described to possess 
oxygen-sensing ability (18, 70, 76). Once hypoxia ensues and low oxygen is 
sensed, it is likely that the channel protein adapts to the stress by closing, leading 
to depolarization. Ca 2+ influx, vasoconstriction, and subsequent diversion of 
blood away from regions that have a poor oxygen saturation (17, 69). 

5.2.2. Role of Redox Status and Oxygen Radicals 

In addition, it has been suggested that other oxygen sensors in PASMC, such 
as the mitochondria or NADPH oxidase, may exist to use redox potential for 
regulating physiological properties. The notion that reactive oxygen species 
(ROS) function as signaling molecules is relatively new and based in a large pail 
on the discovery of reactive species such as nitric oxide (NO) and hydrogen 
peroxide (H 2 0 2 ) that have signaling potential. ROS have generally been regarded 
as destructive as they can contribute to protein and DNA damage; however, in 
many systems it has been suggested that low-level ROS generation can serve a 
signaling role (106, 107). First, it must be assumed that if a redox network exists 
for the regulation of channel activity as well as for cellular signaling, there must 
be a tonic generation of reactive species by the cell that maintains homeostasis 
and directs cellular activity. That is, the cell, through regulated and constant 
generation of ROS, maintains a sensory system that is required for maintaining 
normal activity. When stress (e.g., acute hypoxia or redox potential change) is 
introduced, this sensory system is perturbed so that the cell responds to the 
stimuli by changing membrane channel activity. Two possibilities exist: ROS 
directly affect channel function and expression or they modulate expression and 
function of proteins or molecules that secondarily affect channel activity. 

Whether acute hypoxia mediates pulmonary vasoconstriction by decreasing 
or increasing ROS is still controversial (see Chapters 9, 15, 16, and 17). Since 
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0 2 is the substrate for the generation of ROS via many mechanisms (including 
NADPH oxidase, the electron transport chain of the mitochondria, NO synthase, 
or cyclooxygenase), it has been demonstrated that hypoxia reduces ROS 
production and changes redox status in PASMC (5). In vitro experiments have 
shown that ROS or oxidants (e.g., NO, diamide, H 2 0 2 ) increase K + channel 
activity, whereas reducing agents (e.g., reduced form of glutathione, 
dithiothreitol, N-acetyl-L-cysteine) decrease K + currents in PASMC. Therefore, 
decreased tonic generation of ROS would inhibit K + channels,, induce membrane 
depolarization, and cause pulmonary vasoconstriction. However, acute hypoxia 
has also been demonstrated to increase the production of ROS (e.g., superoxide) 
and H 2 0 2 by the mitochondria in rat pulmonary microvessel myocytes (106, 
107). The increased mitochondrial H 2 0 2 acts as a trigger for increasing [Ca 2+ ] cyt 
by mediating Ca 2+ release or mobilization from intracellular stores (21, 107). 
Released Ca 2+ from the SR could also serve as an inhibitor of Kv channels and 
cause membrane depolarization in PASMC (82). 

5.2.3. Role of Cytochrome c and Bcl-2 

Cytochrome c and Bcl-2 are both normally located in mitochondria. In 
PASMC, cytoplasmic application of cytochrome c increases Kv channel activity, 
whereas overexpression of Bcl-2 using an adenoviral vector decreases Kv 
channel activity (22, 81). It is still unknown whether acute or chronic hypoxia 
in PASMC inhibits the release or production of cytochrome c from mitochondria 
to the cytosol and enhances the translocation (or expression) of Bcl-2 to the 
plasma membrane. Based on the pro-apoptotic effect of cytochrome c and the 
anti-apoptotic effect of Bcl-2, as well as the involvement of K + channels in 
regulating apoptotic volume decrease (22, 38, 81), it is possible that cytochrome 
c and Bcl-2 may also participate in hypoxia-mediated inhibition of Kv channels 
in PASMC and in hypoxic pulmonary vasoconstriction (see below). 

5.2.4. Role of Metabolic Inhibition 

During normoxia, inhibition of oxidative phosphorylation and the citric acid 
cycle induces pulmonary vasoconstriction (90), while inhibition of glycolysis 
potentiates HPV (98). These observation suggest that alveolar hypoxia may 
reduce the phosphate potential [ATP/(ADP+Pi)], an indicator of the energy 
status, by decreasing oxidative phosphorylation in PASMC (90, 98). This 
hypoxia-induced change in energy status might subsequently decrease K 
conductance, induce membrane depolarization, increase Ca 2+ influx, and cause 
pulmonary vasoconstriction. In isolated PASMC, the metabolic inhibitors, 2- 
deoxy-D-glucose (121), carbonyl cyanide-p-trifluoromethoxyphenyl-hydrazone 
(FCCP) (121), rotenone (5), and antimycin A (5), all mimic acute hypoxia to 
reduce / K(V) . In contrast, intracellular application of ATP enhances / K(V) in native 
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PASMC (23) and cells transfected with Kv channels (70), suggesting that Kv 
channels are regulated by changes in ATP production. Although a global 
decrease of intracellular ATP content occurs slowly, hypoxia and metabolic 
inhibition may produce a rapid depletion of local or compartmentalized ATP 
contents (36) and subsequently reduce Kv channel activity. 

5.2.5. Role of Cytochrome P-450 and NAD(P)H-Dependent Oxidoreductase 

The cytochrome P-450 monooxygenase system (P-450), which is prevalent 
in lungs and in various vascular beds (30), is a family of heme-thiolate enzymes 
that catalyze oxidative reactions. The activity of P-450 requires a reducing agent, 
NADPH, as an electron donor and molecular (atmospheric) oxygen in a 1:1 
stoichiometry. Activation of P-450 is oxygen dependent, and half- saturation of 
P-450 with oxygen occurs at a Po 2 of 20- 100 Torr (56, 101), which is similar to 
the range of P0 2 that affects Kv channel activity and pulmonary vascular tone. 

In PASMC, inhibition of P-450 by the structurally distinct inhibitors of P- 
450, the imidazole antimycotics (e.g., clotrimazole and miconazole) and the 
suicide substrate inhibitor, 1-aminobenzotriazole, decreased / K(V) and caused 
membrane depolarization (122). Induction of P-450 induced membrane 
hyperpolarization, while depletion of the enzyme mediated membrane 
depolarization (15). Taken together with the observations that carbon monoxide 
inhibits HPV (102) and hypoxia inhibits P-450 (30), these data suggest that P- 
450 or a heme -protein may function as an oxygen sensor in hypoxia-mediated 
regulation of Kv channel activity and in initiating HPV (56, 101). 

P-450 is always attached to an NADPH-reductase which is required to reduce 
NAD(P) + to NAD(P)H. It is possible that the cytochrome P-450-NADPH 
oxidoreductase complex is localized either very closely with or attached 
physically to Kv channel a subunits, and that it functions as a regulatory 
modulator of the channel (similar to Kv channel |3 subunits). Under normoxic 
conditions, the complex requires and utilizes oxygen to produce an intermediate, 
namely an oxygen-dependent channel regulator (ODCR), which can be rapidly 
and efficiently delivered to the binding sites of the channel protein. The ODCR, 
constantly produced by the complex during normoxia, links the enzyme activity 
to the channel activity and keeps the channels open to maintain a negative E m . 
During hypoxia, the production of ODCR is decreased because of inhibited 
activity of the cytochrome P-450-NADPH oxidoreductase complex and the 
channels are, therefore, closed. In this scenario, the oxidoreductase complex 
serves as the oxygen sensor, the ODCR acts like a coupler, and the Kv channel 
protein is considered the effector in the development of HPV. The observations 
supporting this hypothesis include: a) carbon monoxide inhibits HPV (102), 
while P-450 inhibitors decrease / K(V) and depolarize PASMC (123); b) NADPH- 
oxidase is activated during HPV, while the enzyme inhibitor, 
diphenyleneiodonium, decreases / K(V) (108) and blocks HPV (124); c) the 
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NADPH-P-450 oxidoreductase (and NOS) system is oxygen sensitive; d) NO 
reversibly activates Kv channels in PASMC (124) and causes membrane 
hyperpolarization and pulmonary vasodilation; and e ) the P-450-derived 
epoxides (e.g., epoxyeicosatrienoic acid) activate K + channels (13, 33) and cause 
membrane hyperpolarization and pulmonary vasodilation (13, 102). 

In addition to the cytochrome P-450-NADPH oxidoreductase, NO synthase 
(NOS) may also serve as an oxygen sensor given the fact that NOS is a P-450- 
type hemoprotein (12, 109). The potential candidates for ODCR (or the coupler) 
include oxygen radicals, epoxides (e.g, epoxyeicosatrienoic acid ) and NO (P- 
450- or NOS-dependent metabolites), and cytochrome c or other metabolites 
from mitochondrial oxidative phosphorylation. 

The localized change of redox potential may also be determined by localized 
distribution of NADPH-P-450 oxidoreductase (or NOS) that produces oxidants 
and reductants for regulating local redox potential. Consumption ofNADPH 
also contributes to the regulation of local redox potentials. Thus, it is plausible 
that Kv channel activity is regulated by local redox potential that is controlled 
by local production of oxidants or reductants from attached or adjacent NADPH- 
P-450 oxidoreductase complexes. 

6. Chronic Hypoxic Regulation of Kv Channel Expression 

As mentioned earlier, the major physiological function of acute HPV is to 
maximize oxygenation of the venous blood in the pulmonary artery by 
optimizing the ventilation-perfusion ratio (see Chapter 1). However, persistent 
hypoxia (e.g., patients with airway obstructive diseases and congenital heart 
diseases) and chronic exposure to hypoxia (e.g., residents in high altitude) cause 
sustained pulmonary vasoconstriction and vascular remodeling characterized by 
significant medial (smooth muscle) hypertrophy, which lead to pulmonary 
hypertension. 

In lungs from chronically hypoxic rats, the pressor response to acute hypoxia 
was impaired, whereas the pressor response to other vasoconstrictors (e.g., 
angiogensin II, prostaglandin F 2a and norepinephrine) was enhanced (54). This 
reduced pressor response to acute hypoxia might result from abnormalities in the 
mechanism that couples acute hypoxia to contraction of the pulmonary vascular 
smooth muscle. Based on these observations, McMurtry and his associates 
proposed almost two decades ago that chronic and acute hypoxia might share the 
same cellular and molecular mechanisms in mediating pulmonary 
vasoconstriction. Indeed, chronic hypoxia-mediated pulmonary vasoconstriction 
(and pulmonary vascular medial hypertrophy) may also be related to inhibition 
of Kv channels in PASMC (80, 95, 105). 

The changes ofROS production, cellular redox status and cell metabolism 
(e.g., glycolysis and oxidative phosphorylation), and the increased regulatory 
effect of oxygen-sensitive regulatory molecules and proteins (e.g., Kv channel 
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P subunits, P-450-NADPH oxidase-like oxygen-sensing complex) are 
phenomena common to both acute and hypoxic exposure. However, unlike acute 
hypoxia, chronic exposure to hypoxia causes structure changes in the pulmonary 
vasculature as an adaptive response to prolonged hypoxic stress. The major 
pathological changes involved in pulmonary vascular remodeling inpatients with 
hypoxic cardiopulmonary diseases and in animals exposed to chronic hypoxia 
include arterial medial hypertrophy and muscularization of small arterioles due 
to enhanced proliferation and/or inhibited apoptosis of PASMC (84, 99). 

A common hypothesis is that pulmonary vasoconstriction and PASMC 
proliferation use overlapping signaling processes that result in parallel 
intracellular events (e.g., a rise in cytoplasmic Ca 2+ ) causing pulmonary 
hypertension. As discussed earlier, an increase in [Ca 2+ ] cyt in PASMC is a major 
bigger for pulmonary vasoconstriction and an important stimulus for PASMC 
proliferation (78, 100, 113), and acute hypoxia-mediated inhibition of Kv 
channel function is one of the mechanisms involved in the development of acute 
HPV. Therefore, the hypoxia-induced decrease in Kv channel currents, 
membrane depolarization, and increase in [Ca 2+ ] cyt in PASMC may serve as a 
shared mechanism by acute and chronic hypoxia to cause pulmonary 
vasoconsdiction and stimulate PASMC proliferation. Indeed, in addition to 
reducing K + channel activity, chronic hypoxia also mediates changes in the 
danscriptional and danslational condol of K + channel genes. 

6.1. Chronic Hypoxia Downregulates Kv Channel Expression in 
PASMC 

Under resting conditions, K + permeability is much greater than other ions 
(e.g., Na + ,Ca 2+ , Cl') permeabilities. Therefore, resting .Ej,, in PASMC is primarily 
determined by K + permeability which is mainly related to the whole-cell K + 
current (/*)• K + currents through K v channels (/ K(V ))> in particular, have been 
demonsdated to be predominately responsible for the maintenance of the E m in 
PASMCs under resting conditions (61, 1 15). Whole-cell / K(V) at any given time 
is determined by the following equation: 

4c(V) ~ N * i Ky x P open 

where N is the number of functional Kv channels expressed in the plasma 
membrane; i Ky is the current through a single Kv channel; and P ap( .„ is the steady- 
state open probability of a Kv channel. When Kv channels close (i.e., t Kv or P open 
declines) and/or the number of Kv channels in the plasma membrane declines 
(i.e., A decreases) as expression of Kv channels is reduced, E m becomes more 
depolarized as a result of decreased / K(V) . In contrast, opening of Kv channels 
(i.e., a rise in z' Kv or P open ) and/or increasing expression of Kv channels (i.e., N 
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rises) cause membrane hyperpolarization (E m becomes closer to the E K ~-%5 mV) 
as a result of increased / K(V) . In other words, the mRNA and protein expression 
level of different Kv channel genes plays an important role in determining 
whole-cell / K(V) and, ultimately, in regulating E m and [Ca 2+ ] cyt in PASMC. 
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Figure 5. Hypoxia downregulates Kv channel expression in rat PASMC, but not in MASMC. A: 
PCR-amplified products for Kv channel a and )3 subunits in normoxia (N) and hypoxia (H). B: 
Summarized data (means±SE) showing mRNA levels of Kv channel a and p subunits normalized 
to P-actin transcript levels. ** P<0.01 vs. normoxia. C and D: Western blot analyses of Kvl .5 and 
2.1 in normoxia and hypoxia. ** J°<0.01 vs. normoxia (Reproduced from Ref. 80). 



As demonstrated in Figure 5, chronic hypoxia downregulates the mRNA 
(Fig. 5A and B ) and protein (Fig. 5C and D) expression of several pore-foiming 
a subunits of Kv channels in rat PASMC, while no appreciable expression 
changes are seen in mesenteric artery smooth muscle cells (MASMC) (80, 105). 
These data indicate that: i) the chronic hypoxia-induced downregulation of Kv 
channels is specific or unique to PASMC (in comparison to systemic arterial 
smooth muscle cells), and ii) the inhibitory effect ofchronic hypoxia only occurs 
on the pore-forming a subunits in PASMC but not on the regulatory P subunits 
(Fig. 5A and B). The decreased Kv channel a subunit expression would be 
expected to decrease the number of sarcolemmal Kv channels and decrease 
whole-cell / K(V) (because of decreased N). The unsuppressed regulatory P subunit 
expression would be expected to further limit the activity of existing pore- 
forming a subunits (because of decreased i Kv and/or P open ), thereby further 
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limiting Kv channel activity and the ability of the cell to maintain 
hyperpolarized. 
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Figure 6. Hypoxia-induced regulation of / K(V) , E m , and [Ca 2+ ] cyt in PASMC. Representative and 
summarized data showing the effect of hypoxia on / K(V) in PASMC (A) and MASMC (B). C: 
Distribution histogram showing the range of resting E m values recorded in PASMC under 
normoxic (top) and hypoxic (bottom) conditions. D: Summarized data (means±SE) showing 
resting E m in PASMC and MASMC in normoxia (Nor) and hypoxia (Hyp). ***/><(). 001 vs. 
normoxia. E: Resting [Ca 2+ ] cyt is increased in PASMC by 60-hr exposure to hypoxia. *** P<0.001 
vs. normoxia (Reproduced from Ref. 80). 

As shown in Figure 6, indeed, chronic hypoxia significantly reduced whole- 
cell / K(V) , caused membrane depolarization, and increased [Ca 2+ ] cyt in PASMC, 
but had little effect on / K(V) and E m in MASMC. The selective effect of chronic 
hypoxia on PASMC, in comparison to MASMC, indicates that pulmonary and 
systemic vascular smooth muscle cells are regulated by chronic hypoxia through 
different cellular and molecular mechanisms. The hypoxia-induced sustained 
membrane depolarization and increase in [Ca 2+ ] cyl in PASMC would trigger 
pulmonary vasoconstriction and contribute to the excessive PASMC proliferation 
or pulmonary arterial medial hypertrophy observed in lungs from chronically 
hypoxic animals as well as patients with hypoxic cardiopulmonary diseases. The 
sustained pulmonary vasoconstriction and vascular remodeling are two of the 
major causes for the development of pulmonary hypertension in humans and 
a ni mals exposed to chronic hypoxia. 
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6.2. Promoter Expression and Regulation by Regulatory DNA 
Elements and Transcription Factors 

The primary site of channel expression control is in the expression and 
function of the promoter of the genes encoding the channel proteins. Silencers 
are c/.v-acting regulatory DNA elements that downregulate gene transcription in 
a cell/tissue-specific fashion in order to either control cell-specific gene 
expression or prevent the negative consequences of overexpression. DNA 
elements that are important in the transcriptional regulation of Kvl.5, Kvl.4, and 
Kv3.1 genes have been identified (104). In the case of the cardiac Kvl.5 channel, 
a Kvl.5 represser element (KRE) located in the 5’ flanking region of the Kvl.5 
gene, contains a dinucleotide repetitive element that is necessary for mediating 
silencer activity (58, 104). KRE selectively decreases the expression of Kvl.5 
in cell lines that do not express Kvl.5 proteins. Deletion of the KRE repetitive 
element abolishes the silencing activity in transfected cells. In addition, a KRE 
binding factor (KBF) has recently been identified, which may regulate the cell- 
specific expression of Kvl.5 by abolishing the silencer effects of KRE. Whether 
the KRE or KBF is involved in regulating Kvl.5 transcription and expression in 
PASMC during hypoxia has not been evaluated. However, we can speculate that 
the expression of the KRE in the Kvl.5 gene (and in other Kv channel a subunit 
genes) may play an important role in the hypoxia-induced downregulation of Kv 
channel expression in PASMC. Alternatively, hypoxia may also exert its 
inhibitory effect on Kv channel a subunit expression by downregulating KBF 
expression, thereby allowing for silencing of Kvl.5 (and other Kv channels) 
gene expression and decreasing functional Kv channel availability. 

It is generally accepted that changes in P0 2 can regulate gene expression via 
second messengers, protein kinases, and transcription factors such as activating 
protein- 1 (AP-1), hypoxia-inducible factor- 1 (HIF-1), nuclear factor-KB (NF- 
kB), nuclear factor interleukin-6 (NF-IL6), and early growth response- 1 (EGR- 1 ) 
(92). Transcription factors modulate channel protein expression by regulating 
genes that contain binding sites within their promoters (55). Two AP- 1 family 
members, c-Fos and c-Jun. have been suggested as possible effectors of hypoxic 
gene regulation based on their ability to sense changes in redox potential and 
levels of cytoplasmic and nuclear [Ca 2+ ], thereby modulating transcription and 
expression of the AP-1 -responsive genes (1, 6). Under normoxic conditions, 
overexpression of c -jun in rat PASMC resulted in decreased Kvl.5 channel 
expression and activity, as well as increased Kv channel P subunit expression and 
increased current inactivation (113). The subsequent depolarization and Ca 2+ 
increase enhanced cell proliferation. The divergent regulatory effects of c-Jun on 
Kv channel a (e.g., Kvl.5) and P (e.g., Kvp2) subunit gene expression may be 
due to direct binding to the AP-1 binding sites of the channel gene promoter (as 
has been reported for the human MaxiK gene, h slo ) (20) or to inducing 
expression of an intermediate that subsequently inhibits the channel expression. 
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We do have evidence that AP- 1 binding activity is increased during chronic 
hypoxia (3% 0 2 , 72 hrs) in human pulmonary artery endothelial cells (25). 
Whether the AP- 1 binding activity is regulated by chronic hypoxia in PASMC 
and whether the hypoxia-sensitive Kv channel genes all contain the AP-1 
binding sites in their promoters remain unresolved. 

While AP-1 binding may be involved more in cellular proliferation and the 
pulmonary remodeling induced by prolonged hypoxia, HIF-1 activation is 
intimately involved in hypoxia-induced pulmonary hypertension (111). The 
biological activity of HIF- 1 is regulated by the expression and activity of the 
HIF-1 a subunit. Under normoxic conditions, HIF- 1 is ubiquitinated and rapidly 
degraded, thereby never allowed to form functional heterodimeric HIF-1 
proteins. Under hypoxic conditions, HIF- la ubiquitination is inhibited andHIF- 
la dimerizes with HIF-ip subunits to form functional HIF-1 which is responsible 
for activation of a number of target genes including vascular endothelial growth 
factor (VEGF) and endothelin-1 (ET-1). The role of these growth factors and 
mitogens in HPV is discussed in the following section. 

6.3. K + Channel Expression is Modulated by Growth Factors and 
Mitogens 

As stated above, the increased activation of the transcription factors by 
chronic hypoxia can result in the increased transcriptional activation of genes 
encoding vasoactive agonists (e.g., ET-1), mitogens [e.g., VEGF, platelet- 
derived growth factor (PDGF), erythropoietin, and insulin-like growth factor 2 
(IGF-2)], and several glycolytic enzymes (92). Many of these vasoactive agonists 
and growth factors are known to affect ion channel expression and function. For 
example, ET-1 can decrease the mRNA and protein expression of Kv channels, 
and the amplitude of / K(V) is decreased in proliferating PASMC in comparison to 
growth arrested cells (78). We have also shown that PDGF can stimulate rat 
PASMC proliferation by upregulating TRPC6, a gene putatively encoding for 
receptor-operated and/or store-operated Ca 2+ channels (114). Therefore, the 
regulation of ion channel activity and expression by growth factors appears not 
to be limited to K + channels. 

6.4. K + Channel Expression is Regulated by Auxiliary Regulatory 
Proteins 

An emerging idea in the area of regulation of function and expression of Kv 
channels is the direct interaction of the pore-forming a subunits with K + channel- 
associated proteins (KChAPs) and K + channel-interacting proteins (KChIPs), 
regulators different from the Kv channel (3 subunits. These proteins have 
predominantly been described in the brain and heart and play an important role 
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in regulating Kv channel function and expression in these tissues; little data exist 
regarding their role on channel expression in the pulmonary vasculature. 
KChAPs function mainly as chaperones (39, 40) for specific Kv channels (e.g. 
Kvl.3 and Kv4.3), leading to enhanced protein expression of the channels. 
However, this interaction is transient and does not affect channel activity. 

Three KChIPs have been identified (KChIPl-3) that modulate / K(V) . In terms 
of channel kinetics, KChIPs appeal - to work oppositely to the (3 subunit in that 
total current is modified, activation is slowed, and the chaperone proteins 
accelerate the channel recovery from inactivation (4). In addition, all KChIPs co- 
localize and co-immunoprecipitate with Kv channel a subunits, suggesting that 
they may be part of the channel complex (4). KChIPs have four EF-hand-like 
domains, each consisting of two perpendicular 10 to 12 residue a-helices with 
a 12-residue loop region, forming a single Ca 2+ -binding site. The KChIP-induced 
modulation of Kv channel activity is sensitive to Ca 2+ levels (72). This suggests 
that a possible mechanism by which the cell senses and responds to a transient 
rise in [Ca 2+ ] cyt would be the modulation of Kv channel activity by Ca 2+ 
regulation of KChIPs or KChIP-Kv channel interaction. 
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Figure 7. KChAP mRNA expression in PASMC and MASMC is differentially modulated by 
hypoxia. A: PCR-amplified products for KChAP and P-actin in PASMC and MASMC incubated 
under normoxic (N) and hypoxic (H) conditions. B; Summarized mRNA levels (normalized to 
P-actin control) from the data presented in A. ** PO.Ol vs. normoxia. 

Studies in PASMC involving the characterization of KChAPs and KChIPs 
are limited with respect to hypoxia. Our preliminary data showed that chronic 
hypoxia downregulated KChAP in PASMC (Fig. 7). Inhibition of these 
intracellular regulators of Kv channels may result in decreased expression of Kv 
channels or inability of Kv channels to open. A chronically hypoxic environment 
would result in long-term effects on these proteins that then contribute to 
pulmonary vascular remodeling and subsequent pulmonary hypertension. 
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7. Role of Plasmalemmal K + Channels in Regulating Apoptosis 
in PASMC 

The precise control of the balance between PASMC proliferation and 
apoptosis is important in maintaining the structural and functional integrity of the 
pulmonary vasculature. As was stated earlier, increased PASMC proliferation 
and/or decreased apoptosis, result in pulmonary vascular wall thickening that 
elevates pulmonary vascular resistance, a process that is partially responsible in 
the development of hypoxic pulmonary hypertension. 

Apoptotic volume decrease or cell shrinkage is the early hallmarks of 
apoptosis (47, 112). Maintenance of a high concentration of cytoplasmic K + 
([K + ] cyt ) is essential to the regulation of normal cell volume. Thus, apoptotic cell 
shrinkage may result partly from a decrease in [K + ] cyt due to increased K + efflux 
through opened K + channels (11, 41, 47, 112). In addition to its role in the 
control of cell volume, a high [K + ] cyt is required for suppression of caspases and 
nucleases (34), the fin al mediators of apoptosis (85, 103). Accordingly, 
activation of K + channels in the plasma membrane would induce apoptotic 
volume decrease and apoptosis by enhancing K + efflux or loss, whereas 
inhibition of K + channel activity would attenuate apoptotic volume decrease by 
maintaining sufficient [K + ] in the cytoplasm to inhibit apoptosis. 

In human PASMC, treatment with staurosporine, a potent inducer of 
apoptosis, increased / K(V) (Fig. 8Aa) (37), caused cell shrinkage (Fig. 8 A/;), and 
increased the percentage of the cells undergoing apoptosis (Fig. 8Ac). The time 
courses for staurosporine-mediated effects on / K(V) , cell volume change and 
apoptosis were, however, quite different. The staurosporine-mediated increase 
in / K{V) took place at first followed by apoptotic cell shrinkage. The correlated 
increase in / K(V) and cell shrinkage far preceded the increase in the percentage of 
apoptotic cells (Fig. 8 Ac). Blockade of Kv channels with 4-aminopyridine 
inhibited staurosporine -induced increase in / K(V) (Fig. 8 Be/) and attenuated 
staurosporine-induced apoptosis (Fig. 8B/;). These results suggest that the 
earliest event in apoptosis involves an increase in Kv channel activity which 
subsequently results in K + efflux and cell volume decrease, and ultimately causes 
apoptosis. 

Bcl-2 is an antiapoptotic membrane protein which enhances cell survival by 
preventing cytochrome c release from the mitochondrial intermembrane space 
to the cytosol. In keeping with the known importance of transmembrane K + 
movement in modulating cell death, it is not surprising to observe that the 
overexpression of human Bcl-2 in rat PASMC downregulated the expression of 
Kv channel a subunits (particularly Kvl.l, Kvl.5, and Kv2.1) (Fig. 8Ca) and 
decreased / K(V) (Fig. 8C/;). Additionally, staurosporine-induced augmentation in 
/ K(V) and apoptosis were both attenuated in the Bcl-2-transfected PASMC (Fig. 
8C c) (22). 
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In summary, function and expression of K + channels play an important role 
in apoptosis in PASMC. Decreased activity of voltage-dependent K + channels 
due to decreased expression or function of K + channels during hypoxia leads to 
maintenance of a high [K + ] cy „ which opposes apoptosis by preventing apoptotic 
cell shrinkage and by suppression of cytoplasmic caspases and nucleases. 
Therefore, decreased expression or function of Kv channels in PASMC may be 
an important anti-apoptotic mechanism and, hence, may significantly contribute 
to pulmonary vascular remodeling. 





□ Control 

□ ST+4-AP 




Figure 8. Kv channel activity in PASMC is modulated by pro- and anti-apoptotic agents. A: 
Staurosporine (ST), a pro-apoptotic agent, enhances / K(V) (a) and causes apoptotic cell shrinkage 
( b ) in rat PASMC. Time-courses of the ST-induced / K(V) increase ( c , circles), cell volume decrease 
(c, triangles), and the percentage of apoptotic cells (c, bars). Note that increased / K(V) precedes cell 
shrinkage and apoptosis. B: Inhibition of Kv channels with 4-AP (5 mM) attenuates ST-induced 
apoptosis in human PASMC. C: Overexpression (+bcl-2) of Bcl-2 downregulates mRNA 
expression of Kvl.l, Kvl.5, and Kv2.1 (a), decreases amplitude of / K(V) (b), and inhibits ST- 
induced apoptosis (c). ***P<0.001 vs, control (-bcl-2) (Reproduced from Refs. 23, 37, and 81). 
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8. Microdomains and Organized Signaling in Regulating Kv 
Channel Function in PASMC 

An emerging idea in signal transduction posits the existence of spatially 
organized complexes of signaling molecules in microdomains (62, 65) of the 
plasma membrane. Recent studies have focused on the distribution of signaling 
molecules in caveolae, which are cholesterol and sphingolipid-enriched regions 
that can form distinct structural invaginations of the plasma membrane and are 
enriched of the protein caveolin (97). This notion of signaling microdomains is 
attractive in that it would account for a localization of receptors, signaling 
components, and effector molecules (e.g., ion channels) in a confined region to 
facilitate coordinated, precise, and rapid regulation of cell function. 

Knock-out mice deficient in caveolin- 1 protein, required in the structural 
formation of caveolae, phenotypically expresses pulmonary hypertension with 
marked right ventricular hypertrophy and appear to have unregulated NO 
generation (128). This suggests that the formation of caveolae is integral to the 
pulmonary vasculature and that stress such as chronic hypoxia may lead to 
malformation or lack ofessential caveolae components. As this is done in a small 
rodent model, possible implication of caveolae in larger mammals may be 
different and it is debatable whether pulmonary hypertension is a manifestation 
of too little or too many caveolae in humans. Equally compelling and rational 
arguments can be made for both possibilities. 

Though caveolae from cardiomyocytes have been show to be enriched in 
adrenergic receptors, adenylyl cyclase, and related signaling machinery, not 
much data exists for signaling complexes assembled in animal or human 
PASMC. It is likely that similar enrichment exists in PASMC, but it is equally 
likely that, because these cells contain machinery to respond to low P0 2 , there 
may be enrichment of a ) oxygen sensor(s) such as NADPH-P-450 
oxidoreductase complex and/or a heme- and metal-containing motif; b) couplers 
(e.g., ODCR), signal transduction proteins, and/or modulators (e.g., KChAP, 
KChIP), and c) effectors such as Kv channels (e.g., Kvl.5) and Ca 2+ channels 
(e.g., VDCC) in caveolae allowing for localized sensing and rapid response to 
modulate cell physiology (Fig. 9). It has been demonstrated that Kvl.5 
specifically targets to caveolae, whereas depletion of cellular cholesterol and 
inhibition of sphingolipid synthesis alter Kvl.5 channel function (50). 

It is possible that caveolae may contribute to regulation of Kv channels 
during acute and chronic hypoxia. Lipid rafts, ofwhich caveolae are a subclass, 
are enriched in arachidonic acid (AA) and stresses (e.g., ischemia) can release 
AA (77, 87). Recent studies involving brain hypoxia (7) and heart ischemia (71) 
reveal through gene array analysis that a common response is the activation of 
12-lipoxygenase, an enzyme that metabolizes AA and generates biologically- 
active metabolites. Other AA metabolizing enzymes are also induced and their 
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tissue specific expression determines cellular responses to hypoxia. 
Epoxyeicosatrienoic acids (EETs) are cytochrome P450-derived AA metabolite 
and have the ability to regulate vascular tone. Though most EETs cause 
vasodilation through activation of K + channels, 14,15-EET activates Ca 2+ 
channels and cause Ca 2+ influx and induce vasoconstriction (24). Therefore, it is 
likely that there exists a delicate balance in PASMC between numerous factors 
that cause relaxation and contraction by modulating Kv channel activity, of 
which AA metabolites may be a particular regulatory component that can be 
easily exploited by hypoxia through closing of Kv channels and opening of Ca 2+ 
channels. This would suggest that caveolae and their localized components 
contribute to the development of hypoxia-mediated Kv channel inhibition, 
pulmonary vasoconstriction, vascular remodeling, and pulmonary hypertension. 
Caveolae may thus serve as an organizing center for cellular signaling and the 
particular responses elicited by hypoxia may be a manifestation of the enriched 
signaling components in caveolae dependent on the remodeled state of the 
pulmonary vasculature. 
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Figure 9. Schematic representation of the organization of ion channels, membrane receptors, and 
signal transduction proteins in a caveolae. Kv channels within the caveolae are modulated by 
protein kinase A (PKA), Ca 2+ (from the SR and extracellular site), mitochondrial cyt-c and 
superoxide, EETs/HETEs, and NADPH oxidase-produced superoxide. NADPH oxidase is 
depicted as a multi-subunit enzyme complex comprised of gp91, gp22, p47, p67, p40, and rac 
proteins. AC, adenylate cyclase; EETs, epoxyeicosatrienoic acids; HETEs, 
hydroxyeicosatetraenoic acids, P, phosphorylation sites, KChIP, K' channel interacting protein; 
KChAP, K + channel associated proteins; ROS, reactive oxygen species. 
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9. Summary and the Road Ahead 

HPV is a critical physiological mechanism to ensure maximal oxygenation 
of blood. Persistent HPV or pulmonary vascular remodeling during chronic 
hypoxia causes pulmonary hypertension that may lead to right heart failure. A 
rise in [Ca 2+ ] cyt in PASMC triggers pulmonary vasoconstriction and stimulates 
PASMC proliferation. Therefore, an increase in [Ca 2+ ] cyt in PASMC may serve 
as a critical step in acute HPV and in chronic hypoxia-mediated pulmonary 
vascular medial hypertrophy (Fig. 10). An important mechanism in elevating 
[Ca 2 \ t is membrane depolarization-mediated Ca 2+ influx through voltage- 
dependent Ca 2+ channels. Given the fact that E m is primarily determined by K + 
permeability and the resting E m is regulated predominantly by whole-cell K + 
currents through Kv channels in PASMC, regulation ofKv channel function and 
expression has been demonstrated to be a mechanism by which hypoxia induces 
pulmonary vasoconstriction and stimulates PASMC proliferation. 

Acute hypoxia may inhibits Kv channel function via multiple different 
pathways to assure the efficacy and the sensitivity of the response. Hypoxia may 
decrease whole-cell / K(V) by a) inhibiting oxidative phosphorylation, b) changing 
cellular redox status, c) altering ROS production, d) inhibiting the release of 
oxygen-dependent Kv channel regulators (e.g., NO, cytochrome c, H 2 0 2 , 
superoxide) and/or P-450-NADPH oxidoreductase metabolites (e.g., epoxides), 
e) inducing conformational changes of the channel a and/or p subunits via 
reducing or oxidizing disulfide bridges, and/or/) altering a membrane-delimited 
0 2 -sensitive regulatory moiety that is adjacent or coupled to the channel protein. 
Chronic hypoxia may inhibit Kv channel activity by downregulating mRNA and 
protein expression and/or decreasing mRNA and protein stability of Kv channel 
a subunits. The underlying mechanisms involved in chronic hypoxia-induced 
inhibition of Kv channel expression include a) upregulation or downregulation 
of transcription factors (e.g., HIF-1, NF-kB, AP-1, and FixL/FixJ) and signal 
transduction proteins (e.g., P 33 , P 38 , MAP kinase, tyrosine kinase, PKC), b) 
metabolic inhibition (e.g., mitochondrial oxidative phosphorylation and 
glycolysis), c) mitochondrial production of ROS, d) inhibition of P-450-NADPH 
oxidase metabolites, and v) induction or inhibition of an intermediate that down- 
or up-regulating Kv channel a subunit gene expression (Fig. 10). 

Vascular smooth muscle cells utilize a myriad of receptors, signaling 
molecules, and effector molecules (particularly ion channels) to maintain a 
delicate homeostatic balance. Controlled activity of PASMC with respect to 
growth, death, and function is dependent to a large pail on the activity of 
functional Kv channels and Ca 2+ channels. Activity of Kv channels is involved 
in a) modulating PASMC contractility via changes in E m and [Ca 2+ ] cy „ b ) 
regulating PASMC growth through changes in cytoplasmic, nuclear and 
intracellularly-stored [Ca 2+ ], and c) regulating PASMC apoptosis via controlling 
K + efflux and apoptotic cell shrinkage. Inhibition of Kv channel function (by 
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acute hypoxia) and expression (by chronic hypoxia) decreases / K(V) , induces E m 
depolarization, promotes Ca 2+ influx through VDCC, increases [Ca 2+ ] cyt , causes 
pulmonary vasoconstriction, and enhances vascular medial hypertrophy by 
stimulating PASMC proliferation. Reduction of K + efflux due to inhibited Kv 
channels also inhibits apoptotic cell shrinkage and apoptosis in PASMC, and 
further contribute to the progression of pulmonary medial hypertrophy. 
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Figure 10, Flow chart illustrating how acute or chronic hypoxia causes pulmonary 
vasoconstriction and vascular remodeling through modulation of Kv channel activity, E m , 
[Ca 2+ ] cyl , as well as by regulating apoptosis. P-450, cytochrome P-450; ODCR, oxygen-dependent 
channel regulator; HIF hypoxia-inducible factor; NF-kB, nuclear factor-icB; PKC, protein kinase 
C; VDCC, voltage-dependent Ca 2+ channel; CaM, calmodulin; AP- 1 , activating protein 1 ; CREB, 
cAMP-responsive element binding protein; AVD, apoptotic volume decrease; PVR, pulmonary 
vascular resistance; PAP, pulmonary arterial pressure. 



It is possible that acute and chronic hypoxia are cellular responses along a 
continuum of vascular physiology ranging from contraction to pulmonary 
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hypertension. It is that the former is an immediate response utilizing the 
complement of what is already present in a cell to respond to a stress with the 
latter being a more profound response requiring modification of the existing 
machinery to suit the cell to its new environment. 

The progress of research in the area ofHPV and hypoxia-induced pulmonary 
hypertension lies in an indicate understanding of this continuum and the steps 
that commit a cell to alter its response to hypoxia from the acute setting of 
utilizing existing components to the chronic setting of generating new 
components to create a new cellular environment. The targets of potential 
therapeutics lie in understanding the proteins and signals involved in pulmonary 
vascular remodeling. In this endeavor it will be essential to understand the 
organizing of signaling events in subcellular microdomains. The cell is not a 
random phenomenon; it is well organized. It is likely that this has ramifications 
for cellular signaling. The results will be the elucidation of signaling networks 
that integrate existing and new signaling pathways to begin to understand the 
complexity of a cellular response to a stimulus such as hypoxia. 
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1. Introduction 

Hypoxic pulmonary vasoconstriction (HPV) consists of a reversible, 
monophasic increase in pulmonary artery pressure that reaches a maximum 
within around 20 min. The response is retained in isolated pulmonary arteries, 
where hypoxia often induces an early transient contraction that peaks in around 
10 min and a slower sustained contraction that develops over 30 min (46). 
Different mechanisms appear to underlie each phase as they can be separated on 
the basis of differential dependence on the endothelium, required only for the 
slower contraction, and sensitivity to pharmacological agents. Nevertheless, both 
phases are associated with a rise in the intracellular Ca 2+ concentration ([Ca 2+ ]|) 
of pulmonary artery smooth muscle cells (PASMCs) independent of the 
endothelium (31). This is brought about by the recruitment of cellular pathways 
that either release Ca 2+ from intracellular stores in the sarcoplasmic reticulum 
(SR) or transport it into the cell from the extracellular medium. There is a great 
deal of controversy surrounding the underlying sources of Ca 2+ and how the 
pathways are recruited. This chapter outlines the relationship between different 
Ca 2+ generating pathways in the cell and discusses the evidence for their 
involvement in HPV. The main focus is on capacitative Ca 2+ entry (CCE), which 
has recently attracted much interest due to the identification oftransient receptor 
potential (TRP) proteins in pulmonary artery. These proteins represent a novel 
class of cation channels, some of which are implicated as mediators of CCE. 

2. Capacitative Ca 2+ Entry 

At least three regulated pathways for Ca 2+ entry contribute to the control of 
[Ca 2+ ]| in mammalian cells. These are voltage-gated, receptor-operated and 
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capacitative Ca 2+ entry. Voltage-gated Ca 2+ entry is a major Ca 2+ influxpathway 
in the smooth muscle cells of most blood vessels. The ion channel that mediates 
it is selectively permeable to Ca 2+ and activated by membrane depolarization 
above a threshold of around -30 mV. The channel is selectively blocked by 
calcium antagonist drugs like nifedipine and diltiazem; their well established 
antihypertensive effects illustrate the important role of voltage-gated Ca 2+ 
channels in regulating [Ca 2+ ]j and tone in vascular smooth muscle. 

In most cells, Ca 2+ entry is coupled to membrane receptors. Receptor 
activation often leads to membrane depolarization, which in turn stimulates 
voltage-dependent Ca 2+ entry. There are, however, many examples of receptor 
activation stimulating Ca 2+ influx into vascular smooth muscle cells without 
depolarizing the cell membrane (3). It can be brought about in several ways. For 
instance, receptors may be directly coupled to ion channels that gate the entry of 
Ca 2+ . An example is the P2X receptor, where the binding of ATP causes a 
conformational change in the protein to open an ion channel that is intrinsic to 
the protein and permeable to Ca 2+ andNa + . G-protein coupled receptors, such as 
a-adrenergic or muscarinic receptors, can also activate voltage-independent Ca 2+ 
entry (3), although in this case the receptor and ion channel are separate entities. 
These pathways are all examples of receptor-operated Ca 2+ entry and can be 
identified as the component of agonist-induced Ca 2+ influx that is insensitive to 
block by calcium antagonists. It is commonly seen as the component of agonist- 
induced contraction that requires the presence of Ca 2+ in the extracellular 
medium, but is resistant to block by calcium antagonist drugs. 

Many G-protein coupled receptors stimulate the release of Ca 2+ from 
intracellular stores in the SR of vascular smooth muscle cells. The underlying 
mechanism involves stimulation of phospholipase C (PLC), which hydrolyzes 
phosphatidylinositol 4,5-bisphosphate (PIP 2 ) to release the Ca 2+ signalling 
molecule, inositol 1,4,5-trisphosphate (IP 3 ). This triggers Ca 2+ release via 
specific, IP 3 -gated channels in the SR membrane, which are selectively 
permeable to Ca 2+ . There is now overwhelming evidence that store-depletion, 
resulting from the release of Ca 2+ from the SR, activates an additional Ca 2+ influx 
pathway, known as CCE. CCE can be distinguished from voltage and receptor- 
operated Ca 2+ entry, because it activates independently of receptor stimulation 
and at membrane voltages that inhibit the opening of voltage-gated Ca 2+ 
channels. In fact, since the electrochemical driving force for Ca 2+ entry is greater 
at negative membrane potentials, depolarization actually inhibits CCE. Although 
the mechanisms underlying the activation of CCE are still not understood, it has 
been established that it is store depletion itself that is responsible, and any 
procedure that causes store depletion will lead to its activation. Thus, in order to 
distinguish CCE from other Ca 2+ entry pathways, experimental protocols often 
rely on procedures that deplete Ca 2+ stores directly, by acting downstream of 
receptor binding. A common approach is to expose cells to thapsigargin or 
cyclopiazonic acid (CPA), which are selective inhibitors of the Ca 2+ ATPase 
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(SERCA) in the SR membrane and prevent Ca 2+ uptake by these organelles. In 
this way. Ca 2+ leaking out of the store is not replenished. Another approach, for 
example when patch clamp recording, is to load cells with a high concentration 
of a Ca 2+ buffer, such as EGTA or BAPTA. This also prevents uptake via 
SERCA by minimizing the cytosolic [Ca 2+ ] available to the pump. 

3. Capacitative Ca 2+ Entry in Pulmonary Artery Smooth 
Muscle Cells 



By inhibiting SR Ca 2+ uptake, SERCA inhibitors cause contraction of 
pulmonary artery smooth muscle (15, 27, 32). Some of the effects of CPA on rat 
pulmonary artery smooth muscle are illustrated in Figure 1 . 
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Figure 1, Store-depletion by SERCA inhibitors activates contraction, divalent cation influx and 
a Ni 2+ -sensitive cation current. A: Contraction of intact pulmonary artery induced by CPA. B: In 
isolated myocytes from the same artery CPA induces a transient rise in [Ca 2+ ]j when applied in 
Ca J+ -free solution, due to Ca 2+ release, but a sustained rise follows when Ca 2+ is readmitted. C: 
The ability of CPA to accelerate quenching of fura-2 fluorescence by Mn 2+ confirms that the 
sustained rise in [Ca 2+ ], is due to CCE. D: Currents flowing through store-operated channels 
activated by CPA in physiological solution are small in amplitude, noisy, and abolished by low 
concentrations of Ni 2+ (Modified from Ref. 27). 



Contraction results from a rise in [Ca 2 *]* brought about through several 
mechanisms. As in other cell types, the SERCA inhibitors prevent the SR from 
buffering Ca 2+ as it enters the cells, resulting in the accumulation of Ca 2+ in the 
cytosol. This can occur even in the absence of stimulated Ca 2+ entiy and is 
enhanced by the unopposed leak of Ca 2+ from the SR, which eventually depletes 
the Ca 2+ store. Invariably, however, SERCA inhibitors have been found to 
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produce a sustained contraction of pulmonary arterial smooth muscle that is 
dependent upon the presence of extracellular Ca 2+ , implying a need for Ca 2+ entry 
(15, 27, 32). At least some ofthe Ca 2+ may enter through voltage-operated Ca 2+ 
channels, because nifedipine reduces the contractile response to SERCA 
inhibitors (27). These channels may be activated following the initial rise in 
[Ca 2+ ]j caused by SERCA inhibition, which would bring about the activation of 
Ca 2+ -dependent Cl" channels and consequently cause depolarization of the cell 
membrane. Other studies found no effect of L-type Ca 2+ channel blockers on the 
contractile response (15), and the drugs were ineffective at blocking the rise in 
[Ca 2+ ], produced by SERCA inhibitors in pulmonary artery myocytes (7, 27, 48). 
Thus, at least part of the contraction is mediated by Ca 2+ entry through a pathway 
that is independent of voltage-gated Ca 2+ channels. We found in rat pulmonary 
artery that nifedipine inhibited the CPA-induced contraction if applied within the 
first 30 min, but its effect then disappeared (15). This suggests that the initial 
effect of SERCA inhibitors is to release SR Ca 2+ , activate Cl" channels and 
stimulate voltage-dependent Ca 2+ entry. But, as the stores become depleted, CCE 
emerges as the predominant pathway by which Ca 2+ entry sustains contraction. 
This is further supported by the finding that both the sustained contraction and 
the Ca 2+ influx pathway activated by CPA in rat pulmonary artery were 50% 
blocked by the cation channel blockers SKF965, Ni 2+ , and Cd 2+ , all at 
concentrations causing similar inhibition of a store-operated current in isolated 
myocytes (27). 

Although the most direct support for CCE involvement in the contraction of 
pulmonary arteries derives from studies with SERCA inhibitors, evidence is 
emerging that CCE also contributes to the contraction brought about by receptor 
activation. Thus following store depletion in Ca 2+ -free medium by continuous 
exposure to the a-adrenoceptor agonist, phenylephrine, the restoration of Ca 2+ in 
the presence of the a-adrenoceptor antagonist, phentolamine, produced a 
contraction that was presumed to reflect CCE (24). The interpretation of this 
result is, however, critically dependent on the receptor-mediated events being 
abolished by phentolamine, because CCE and receptor-operated Ca 2+ entry are 
not easily distinguished on pharmacological grounds. Contraction resistant to 
calcium antagonists has also been shown to result when extracellular Ca 2+ is 
returned to vessels exposed briefly to agonist in Ca 2+ -free medium to deplete the 
stores (15). Providing sufficient time was allowed for the receptor-activated 
events to cease, the contraction probably resulted from Ca 2+ entry that was 
stimulated as a consequence of store depletion. Although CCE has been linked 
to pulmonary artery constriction, contractile responses to SERCA inhibitors are 
only a fraction of the amplitude of those generated by receptor agonists (27). 
Moreover, in the presence of physiological levels of Ca 2+ , receptor-operated and 
voltage-gated Ca 2+ influx may be sufficient to prevent store depletion and CCE 
activation during agonist-induced contraction (16, 21). Thus CCE is probably a 
relatively minor source of contractile Ca 2+ under physiological conditions in vivo. 
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In support of this, we recently found that although low concentrations of La 3+ 
had little effect on CPA-induced contraction, La 3+ was a potent inhibitor of 
agonist-induced contraction (unpublished results). In cerebral arteries, CCE was 
found to mediate a substantial rise in smooth muscle [Ca 2+ ]j without evoking 
contraction, suggesting that [Ca 2+ ] ( rose within a localized cell compartment that 
was inaccessible to the contractile proteins (9). It is likely therefore that CCE 
serves other functions within the cell. Replenishment of Ca 2+ stores is likely to 
be its major role, but CCE has also been linked to the proliferation of PASMCs 
in culture (13, 37). Thus CCE could be important in the regulation of cell growth 
and the vascular remodeling that occurs in pulmonary hypertensive disease. 

A direct pathway linking the extracellular medium to refilling of the Ca 2+ 
store was initially suggested for vascular muscle in 1981 (4). Direct evidence for 
a store depletion-activated Ca 2+ influx pathway in pulmonary artery smooth 
muscle appeared only in the last few years (7, 13, 27, 32, 48). Using fluorescent 
[Ca 2+ ]i indicators, these studies identified an increase in [Ca 2+ ]; brought about by 
store depletion, which required the presence of extracellular Ca 2+ , was insensitive 
to calcium antagonists, inhibited by blockers of cation channels and inhibited by 
membrane depolarization. However, while thapsigargin and CPA activated this 
pathway in myocytes from rat and human pulmonary artery (7, 13, 27), they 
were an insufficient stimulus in the dog (48). The reason appears to be that dog 
pulmonary artery myocytes have separate IP 3 -sensitive and ryanodine/caffeine- 
sensitive Ca 2+ stores, both of which must be depleted in order to activate CCE. 

4. Ca 2+ Stores and Capacitative Ca 2+ Entry in Hypoxic 
Pulmonary Vasoconstriction 

Several strands of evidence support a key role for SR Ca 2+ release in 
mediating the contractile response of pulmonary artery smooth muscle to 
hypoxia. Ca 2+ store depletion with caffeine and/or ryanodine has been reported 
to blunt the hypoxia-induced rise in [Ca 2+ ]j in freshly isolated or cultured smooth 
muscle cells (33, 40) and to reduce the contraction of intact arteries to varying 
degrees (21, 22, 32). Other studies found that this treatment abolished hypoxic 
vasoconstriction (6, 11, 41). This led to the hypothesis that Ca 2+ release via 
ryanodine receptor-channels is an early event in the cascade activated by 
hypoxia. The mechanism by which the cell senses a fall in 0 2 tension and 
diggers the release of Ca 2+ is still the subject of much debate. An attractive 
hypothesis invokes the diffusible messenger cyclic adenosine diphosphate-ribose 
(cADPR), which mobilizes Ca 2+ from ryanodine-sensitive stores (8). It is based 
on the premise that a change in cellular redox state brought about by hypoxia 
increases the level of 0-NADH, which inhibits cADPR hydrolase to promote 
cADPR formation from P-NAD + . Inhibition of HPV by the cADPR antagonist, 
8-bromo-cADPR, lends strong support for such a mechanism (8). 
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There are mixed reports on the effects of SERCA inhibitors on HPV. 
Thapsigargin and CPA inhibited the hypoxic contraction in rabbit pulmonary 
artery (41) and abolished it in the rat (11). In stark contrast, CPA and 
thapsigargin potentiated the contractile response to hypoxia in dog pulmonary 
artery (21). These apparently conflicting results may be reconciled by 
considering species differences in the functional properties ofthe SR Ca 2+ stores. 
In canine myocytes, the caffeine- and ryanodine-sensitive store is structurally 
and functionally distinct from the IP 3 -sensitive store and SERCA inhibitors 
deplete only the latter (21, 48). Thus if hypoxia only affects the ryanodine- 
sensitive store, SERCA inhibitors would not be expected to affect the response. 
The potentiation of HPV seen in dog vessels may be explained if some of the 
Ca 2+ released by hypoxia is normally accumulated via SERCA into the IP 3 - 
sensitive store. In contrast, the caffeine/ryanodine- and IP 3 -sensitive Ca 2+ stores 
display substantial functional overlap in rodent myocytes (27). So SERCA 
inhibitors (as well as caffeine and ryanodine) could deplete Ca 2+ from both stores 
in these cells and consequently inhibit the Ca 2+ -releasing effect of hypoxia. 

Although Ca 2+ release is important for HPV, it is not yet clear if the SR is the 
major source of contractile Ca 2+ . This is because HPV and the associated rise in 
[Ca 2+ ]j are greatly diminished when Ca 2+ is removed from the extracellular 
medium (6, 11, 22, 33, 41), implying that Ca 2+ influx also contributes. It is still 
possible that hypoxia initially stimulates Ca 2+ influx, which binds to the 
ryanodine receptor and triggers Ca 2+ -induced Ca 2+ release. Alternatively, 
hypoxia-induced Ca 2+ release could trigger an increase in [Ca 2+ ]j by stimulating 
Ca 2+ entry pathways. In support of this, nisoldipine reduced the contractile 
response to caffeine in canine pulmonary artery (21). Organic calcium 
antagonists have been widely found to blunt HPV and the associated rise in 
[Ca 2+ ]i, both in isolated pulmonary arteries (22, 32, 33) and intact perfused lungs 
(25, 36). Interestingly, the potentiated contractile response to hypoxia observed 
in canine pulmonary artery in the presence of CPA was much less sensitive to 
nisoldipine than the control response to hypoxia in the absence of CPA (21). 
Since removing extracellular Ca 2+ blocked this effect, hypoxic vasoconstriction 
was likely due to the recruitment of voltage-independent Ca 2+ entry. This 
pathway resembled CCE in being blocked by SKF96365. Another recent study 
showed that voltage-independent Ca 2+ entry contributes to HPV in rat pulmonary 
artery (32). The underlying pathway was permeable to Mn 2+ and blocked by 
SKF96365 and low concentrations of La 3+ , all of which are characteristic 
markers ofnon-selective cation channels. Although it has only recently attracted 
serious interest, evidence for a voltage-independent Ca 2+ entry pathway in HPV 
has in fact been available for some time. In 1993, a Ca 2+ entry pathway 
insensitive to nifedipine and verapamil was shown to underlie a sustained rise in 
[Ca 2+ ], induced by hypoxia in cultured pulmonary arterial myocytes (33). 

Although the voltage-independent Ca 2+ entry pathway has been proposed to 
reflect CCE, this has yet to be confirmed. Its properties are equally compatible 
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with cation channels mediating receptor-operated Ca 2+ entry. Thus we found in 
rat pulmonary artery that La 3+ , which was shown to inhibit HPV, is a poor 
inhibitor of CCE but a potent blocker of agonist-induced Ca 2+ entry. Since 
agonist-induced pre-tone is required in most experiments to achieve a clear 
response to hypoxia, the use of currently available CCE inhibitors to investigate 
their role is problematic. The fact that pre-tone is needed implies that there is 
synergy between the pathways activated by agonist and hypoxia. Thus, by 
affecting this synergy, a drug interfering with receptor-mediated events could 
give the impression of inhibiting HPV without actually altering the events 
mediating HPV. More selective approaches for interfering with CCE will be 
needed to enable its contribution to HPV to be clearly elucidated. 

5. Store Depletion-Activated Channels in Pulmonary Artery 
Smooth Muscle 

Little is known yet about the ion channels mediating CCE in pulmonary 
artery smooth muscle. Store depletion-activated cation currents recorded from 
rat pulmonary artery myocytes (Fig. ID) have amplitudes of only a few pA in the 
presence of physiological levels of Ca 2+ (27). Store operated currents of similarly 
small amplitude have been recorded from rabbit and mouse arterial (5, 39) and 
rabbit venous (1, 20) smooth muscle cells. In contrast, large currents of several 
hundred pA were reported in cultured human pulmonary artery myocytes (14). 
This may reflect a phenotypic change from contractile to proliferative cells 
during culture, as CCE is enhanced during cell proliferation (14). There is 
general agreement from all these studies that cation-selective channels mediate 
the currents, although the degree of selectivity for Ca 2+ over other cations may 
vary among different blood vessels. Thus the channel in rabbit portal vein shows 
a high degree of Ca 2+ selectivity (1) whereas those in aorta and pulmonary artery 
discriminate poorly between different cations (27, 39). The store-operated 
current recorded from pulmonary artery myocytes reverses direction close to 0 
mV in physiological conditions and is permeable to Ca 2+ , Na + , K + , Cs + and Mn 2+ 
(27). Single channel currents have not yet been reported for store-operated 
channels (SOCs) in PASMCs, but channels reported for rabbit and mouse aorta 
and rabbit portal vein have conductances of around 3 pS and a relatively low 
open probability (1, 39). Once activated by store depletion the channels remain 
active when membrane patches are excised from the cell, but the channels cannot 
be activated be SERCA inhibitors applied after patch excision (2, 39). This is the 
behavior expected for a SOC. Store depletion may not be the only mechanism 
for activating these channels though, because noradrenaline could activate the 
same channels in excised outside-out patches via protein kinase C (2). This 
further complicates the distinction between SOC and ROC. 

The pharmacology of store -depletion activated channels in vascular smooth 
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muscle is poorly characterized. In rat pulmonary artery the CPA-induced current 
is blocked by low mi cromolar concentrations of Ni 2+ , Cd 2+ and SKF96365, but 
it is resistant to La 3+ , which is effective only at 100 pM or higher (27). This 
pharmacological profile matches the pharmacology of CCE and the CPA- 
induced contraction reported for rat pulmonary artery in the same study, but is 
inconsistent with the high La 3+ sensitivity reported by others for CCE in the same 
vessels (32). The reason for this discrepancy is unclear, but the latter study did 
not measure CCE directly. In general the pharmacology of SOCs is poorly 
defined. Although a number of drugs are widely used as blockers of SOCs, none 
of them are selective, especially when used at high concentrations. Thus it is 
unclear if the SOCs and CCE blocked by mi llimolar concentrations of Ni 2+ and 
La 3+ in some studies (14, 39) are the same as channels showing high sensitivity 
to these blockers. 

6. Transient Receptor Potential Channels and Their 
Relationship to Capacitative Ca 2+ Entry 

The transient receptor potential (TRP) channel was first identified in 
Drosophila photoreceptors, where a mutation in the trp gene gives rise to a 
transient rather than sustained membrane response of the photoreceptor to light. 
This effect was associated with the loss of Ca 2+ permeability, leading to the 
proposal that the trp gene encodes a Ca 2+ -permeable ion channel (17). This was 
supported by strong sequence homology between the genes encoding the TRP 
protein and voltage-gated Ca 2+ channels. Electrophysiological studies 
subsequently confirmed that both trp and the homologous Drosophila gene, trp l, 
form Ca 2+ -permeable non-selective channels in heterologous expression systems. 

In the mid 1990s, mammalian homologues of the Drosophila trp gene began 
to emerge and at least 19 genes are now known to encode human TRP proteins. 
All of these proteins consist of 6 putative membrane-spanning domains, domains 
5 and 6 being linked by a short hydrophobic segment predicted to be the pore- 
forming region, with both the N and C termini located intracellularly (Fig. 2). 
Based on sequence homology/divergence, we now recognize three major 
subgroups of mammalian TRP proteins: TRPC, TRPV and TRPM. The TRPV 
nomenclature originates from the vanilloid receptor, which was the first 
identified member of the family. Of these channels, only the epithelial TRPV6 
protein has been suggested to function as a SOC, although this is disputed. The 
TRPM nomenclature similarly originates from the first identified member, 
melastatin; none of these proteins have been implicated as a SOC. Several 
members of the TRPC family of channels have been suggested at some time to 
play a role in CCE. Thus, TRPC channels have recently received a great deal of 
interest in relation to CCE in vascular smooth muscle cells. 
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7. Properties of Transient Receptor Potential (TRPC) Channels 



Seven members (TRPC1-C7) of the TRPC family have been identified. All 
are able to form cation channels in heterologous expression systems, except the 
human trpc2, which is a pseudo-gene. Structural homologies within the TRPC 
family and their relationship to the other mammalian TRP channels are 
illustrated in Figure 2A. Functional channels are thought to require the co- 
assembly of four TRPC subunits into a tetrameric complex (Fig. 2C). Table 1 
lists some of the characteristic biophysical and pharmacological properties of the 
homomeric channels, measured from in vitro expression systems. 
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Figure 2. Predicted structure of TRPC channels. A: Phylogenetic relationship based on sequence 
alignment between members of the TRPC family and between the TRPC, TRPV and TRPM 
families. B: Each subunit is thought to comprise 6 membrane-spanning helices and a putative 
pore-forming region (P) between the fifth and sixth transmembrane domains. C: A homomeric 
or heteromeric assembly of four subunits is thought to form the functional channel, with the P 
regions of all subunits contributing to the pore. 

TRPC proteins can also form heteromeric assemblies consisting ofmore than 
one subunit type. Clear rules governing the possible interactions within the 
TRPC family have emerged. TRPC2 does not interact with other TRPC proteins, 
while TRPC1, TRPC4 and TRPC5 can interact with each other, but not with 
other members of the family, and TRPC3, TRPC6 and TRPC7 can interact with 
each other, but not with other members of the family (12, 18). A similar 
distinction can be drawn in relation to the interactions ofTRPC proteins with the 
Drosophila scaffolding protein INAD (identified from the Inactivation-No- After- 
Potential Drosophila mutant), which contains protein interaction sites known as 
PDZ domains and forms the backbone of a macromolecular signaling complex 
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with TRP proteins. INAD can associate with TRPC1, TRPC4 and TRPC5, but 
not with TRPC3, TRPC6 or TRPC7 (12). The cloning of a human INAD-like 
protein (29) suggests that comparable complexes may be involved in the 
regulation of mammalian TRPC channels. In support of this, a PDZ domain in 
the Na + /H + exchange regulatory factor (NHERF) binds to TRPC4 and TRPC5 as 
well as to PLC, suggesting that it could act as a scaffolding protein to bring these 
signaling molecules together (38). It would be interesting to know if NHERF can 
interact with other TRPC proteins, or if there are distinct scaffolding proteins for 
different TRPC complexes. Another distinction can be drawn in relation to 
diacylglycerol (DAG), which interacts directly with TRPC3 TRPC6 and TRPC7 
to cause channel activation, but not with TRPC1, TRPC4 or TRPC5 (19, 28). 
These properties are all consistent with two functionally distinct subgroups 
within the TRPC family: the TRPC 1/4/5 subfamily, which are most closely 
related in terms of evolutionary distance, and the TRPC3/6/7 subfamily. 
Heteromeric channels formed by interactions within these groups can have 
properties that are quite distinct from the homomeric channels (23, 35). 



Table 1. Properties of Heterologously Expressed TRPC Channels 
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'measured in Ca 2+ -free conditions, y, single channel conductance; PqJPhv Ca 2+ permeability 
relative to Na + (Data from Refs. 18, 20, 23, 26, 28, 30, 34, 43). 



When expressed as homomers, all the TRPC proteins form Ca 2+ -permeable, 
non-selective cation channels, although there is wide variation in their single- 
channel conductance, Ca 2+ permeability relative to Na + , sensitivity to La 3+ , and 
modulation by extracellular Ca 2+ (Table 1). While TRPC5-TRPC7 discriminate 
strongly between Ca 2+ and Na + ions, the other TRPC channels display little 
selectivity for Ca 2+ over Na + or other cations. As commonly found in other Ca 2+ - 
permeable channels, Ca 2+ passing through the pore can modulate TRPC channel 
activity. Inhibition of TRPC1 and TRPC4 is apparent at physiological 
(millimolar) levels of extracellular Ca 2+ , but Ca 2+ has been found to stimulate the 
activity of TRPC3, TRPC5 and TRPC7 channels. Lanthanides are often used as 
inhibitors of SOCs but, although La 3+ blocks TRPC1 and TRPC3 at low 
micromolar concentrations, it is at least an order of magnitude less potent on 
TRPC6 and TRPC7 channels, and rather ineffective on TRPC4 and TRPC5 
channels. These properties could all be helpful for the identification of particular 
TRPC channels underlying Ca 2+ entry in vascular cells. 
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The mechanisms underlying the activation of TRPC channels are still 
controversial. TRPC1. TRPC3, TRPC4, TRPC5 and TRPC6 have all been 
implicated as SOCs at some time. However, much of the evidence is 
circumstantial and alternative mechanisms are likely. The evidence for and 
against a store-dependent mechanism of activation was reviewed recently in 
several articles (26, 43), so it is not covered here. It is however important to 
realize how controversial this area is when considering the potential role of 
TRPCs, acting as SOCs, in HPV. One of the problems may be that TRPC 
activation has so far been studied primarily in in vitro expression systems, which 
have generated conflicting results. This may reflect varying levels of protein 
expression, because expression levels were recently found to profoundly affect 
the mechanism by which TRPC3 channels are activated (42). Thus at relatively 
low levels of expression, TRPC3 was activated by store depletion, but at higher 
levels of expression store depletion was ineffective and the channel required 
receptor-coupled PLC to open. In general though, it is thought that TRPC3 and 
TRPC6 are usually activated directly by DAG, and that TRPC 1 , TRPC4, TRPC5 
are more likely candidates for SOCs. TRPC7 channels have not been widely 
studied yet, but store depletion was recently shown to activate the human 
recombinant TRPC7 channel (30), but not the mouse homologue (28). It is 
therefore still an open question which TRPCs (if any) mediate store-depletion 
activated Ca 2+ influx. The possibility remains that any one of TRPC 1, TRPC3, 
TRPC4, TRPC5, TRPC 6 or TRPC7 could contribute, either as homomeric 
channels or, more likely as constituents of a heteromeric channel complex. 

8. Transient Receptor Potential (TRPC) Channels in 
Pulmonary Arteries 

The first evidence that TRPC channels might play a role in pulmonary artery 
was provided by Northern blot analyses, which demonstrated the presence of 
TRPC3, TRPC4, TRPC5 and TRPC7 mRNA in the lung. Reverse-transcription- 
PCR and antibody-labeling subsequently identified several TRPC isoforms in 
pulmonary vascular endothelial and smooth muscle cells. Vascular smooth 
muscle cells from a range of blood vessels have been found to contain TRPC 
subunits and there is typically co-expression of multiple TRPC species. Two 
studies on rat pulmonary artery smooth muscle agree that there is relatively 
abundant expression of TRPC1 and TRPC6 (24, 27), but they disagree on the 
levels of expression of other transcripts. Freshly isolated cells expressed 
significant amounts of TRPC3 and low levels of TRPC4 and TRPC5 (27), 
whereas cultured cells expressed relatively high levels of TRPC4 and less 
TRPC5 and TRPC2 (24). This may reflect changes in the expression pattern 
brought about during cell culture. The expression pattern differs again in canine 
PASMCs, where there is relatively abundant expression of TRPC4, significant 
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levels of TRPC6 and TRPC7, but no TRPC1 or TRPC3 (44). The latter study 
also identified two splice variants ofTRPC4 and 3 variants ofTRPC7 that are 
expressed in pulmonary artery. The functional significance of this is not yet 
known. 

Progress is, however, being made on identifying the functional roles of TRPC 
channels in vascular smooth muscle. It is becoming clear that TRPC6 is an 
essential component of the receptor-operated channel (ROC) in vascular muscle 
that is opened by a-adrenoceptor stimulation via PLC activation and the 
generation of DAG (20). This was demonstrated using antisense 
oligonucleotides, which abolished TRPC6 expression and inhibited the cation 
current activated by phenylephrine in rabbit portal vein myocytes, without 
affecting the current activated by thapsigargin. TRPC6 has also been implicated 
in myogenic tone, which is characteristic of resistance arteries (47). Again this 
was demonstrated using antisense oligonucleotides, introduced into small 
cerebellar arteries in vitro by reversible permeabilization. This greatly reduced 
TRPC6 expression and inhibited the smooth muscle depolarization and 
vasoconstriction caused by elevated transmural pressure, while also reducing the 
amplitude of a cation current in isolated smooth muscle cells. Similar approaches 
have helped to establish a likely role for the TRPC 1 subunit in forming the SOC 
underlying CCE in pulmonary artery smooth muscle. In cultured human 
pulmonary artery smooth muscle cells treated with antisense oligonucleotides 
directed against TRPC1, both the mRNA and channel protein were down 
regulated while the amplitude of an ionic current and Ca 2+ entry activated by 
CPA were inhibited, and cell proliferation was reduced (37). Consistent with 
this, TRPC1 expression is higher in proliferating cells than in growth-arrested 
cells (14). 

Further evidence to support the involvement of TRPC 1 in CCE was provided 
by an antibody directed against the pore region ofthe channel, which reduced the 
amplitude of store depletion-activated Ca 2+ entry in cerebral arterioles (49). The 
antibody gave rise to membrane-localized immunostaining, confirming channel 
expression in the plasma membrane. Along with the finding that CCE can 
support contraction in pulmonary arterial muscle (27), these results are all 
consistent with a role for TRPC 1 in mediating CCE-dependent contraction of 
pulmonary artery smooth muscle cells. The evidence is, however, circumstantial, 
but hopefully a direct test will soon be possible using similar antisense 
techniques. Although only TRPC1 has been clearly implicated in CCE in 
pulmonary artery smooth muscle cells, it could co-assemble with other subunits 
to form the functional CCE channel. As indicated above, both TRPC4 and 
TRPC5 are expressed in the same cells and either could combine with TRPC1. 
Since TRPC4 has been directly implicated as a component of the SOC in 
vascular endothelial cells (10), perhaps the most likely combination is TRPC1 
with TRPC4. 
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9. Summary 

Hypoxic pulmonary vasoconstriction involves a rise in [Ca 2+ ], in PASMCs, 
brought about by the release of Ca 2+ from intracellular stores in the SR and Ca 2+ 
influx through voltage-gated and voltage-independent channels. 



ROC SOC 




Figure 3. Simplified model depicting the relationship between G-protein coupled receptors 
(GPCR), SR Ca 2+ stores and voltage-independent Ca + entry in pulmonary artery myocytes. 
Agonist binding to its GPCR causes it to interact with the G^, , protein, thereby stimulating PLC 
activity to generate DAG and IP 3 from PIP 2 . DAG directly activates Ca 2+ influx through non- 
selective ROCs, formed by TRPC6 proteins and possibly TRPC3, also found in these cells. IP 3 
stimulates Ca 2+ release from the SR via IP 3 -gated Ca 24 channels to promote store depletion which, 
by an unknown mechanism, activates SOCs formed by TRPC1 (possibly co-assembled with 
TRPC4 or TRPC5). Hypoxia activates SOC activity and CCE by an unknown mechanism that 
could involve the elevation of p-NADH levels, enhanced synthesis of cADPR and SR Ca 2+ release 
via ryanodine receptor-channels. 

As summarized in Figure 3, there is a close relationship between the SR and 
Ca 2+ entry pathways. Thus, in the presence of the pre-tone which is often 
required to study HPV, agonists acting via the | protein would mobilize Ca 2+ 
from the SR via IP 3 receptors and Ca 2+ entry via ROCs. TRPC6 subunits are 
thought to form the ROC, possibly in a complex with other TRPC proteins. 
Hypoxia has a synergistic action, stimulating Ca 2+ release from the SR via 
ryanodine receptor channels. The mechanism responsible for this effect is not yet 
known, but it may be mediated by the ryanodine receptor agonist cADPR. There 
is evidence that CCE is also stimulated by hypoxia and that this may provide the 
[Ca 2+ ] i needed to sustain the hypoxic contraction. This could be a direct effect of 
hypoxia, or it could result from excessive depletion of the SR Ca 2+ store, brought 
about by the combined effect of agonist and hypoxia, causing Ca 2+ release via 
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synergistic pathways. Store depletion activates non-selective cation channels that 
are distinct from ROCs. These SOCs are probably composed of TRPC 1 subunits, 
either as a homologous channel or in a heteromeric complex with TRPC4 or 
TRPC5. Since SOCs are permeable to Na + as well as Ca 2+ , they could contribute 
to membrane depolarization, which would promote further Ca 2+ entry via 
voltage-gated Ca 2+ channels. Our knowledge of the roles of TRPC channels and 
CCE in hypoxic pulmonary vasoconstriction is still preliminary, but rapid 
progress is being made and we can look forward to gaining a better 
understanding of their involvement very soon. 
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1. Introduction 

Over the last decade, considerable progress has been made in unravelling 
the mechanisms that underlie the phenomenon of hypoxic pulmonary 
vasoconstriction (HPV), and it is becoming evident that HPV is a multifactorial 
process. There is strong evidence that the vascular smooth muscle (VSM) itself 
contains both the hypoxic sensor and the necessary effector pathways that lead 
to an increase in intracellular [Ca 2+ ] ([Ca 2+ ]j), though there is still controversy 
regarding the nature of the sensor and its downstream signal, and the 
mechanism(s) responsible for the rise in [Ca 2+ ]j. Many of these issues are 
discussed elsewhere in this volume. 

It has often been shown that hypoxia elicits a rise in [Ca 2+ ]; and an 
associated constriction in both isolated pulmonary VSM cells and arteries where 
the endothelium has been removed (11, 24, 43). However, the vasoconstriction 
in such cases is often either transient, or the hypoxic challenge relatively short 
(<15min) (reviewed in Ref. 39). Where the challenge is longer (> ~20 min), and 
particularly in small pulmonary arteries, there is strong evidence from numerous 
sources that removal of the endothelium substantially depresses or abolishes 
sustained HPV (7, 12, 17, 20-22). This endothelium-dependent HPV clearly 
involves additional mechanisms to those resident in the underlying VSM, and 
presumably requires the production of an endothelium-derived mediator. 

The endothelium produces a wide range of vasoactive substances; there 
are therefore many potential pathways by which it could modulate HPV, 
including both vasoconstrictor and vasodilator mechanisms. However, it is 
generally accepted that hypoxia induces a rise in VSM [Ca 2+ ], whether or not the 
endothelium is present. The question is therefore whether some product of the 
endothelium (or its lack) either potentiates this rise in [Ca 2+ ]j or, alternatively, 
modulates the relationship between [Ca 2+ ], and force development. In addition, 
it needs to be determined whether this effect ofthe endothelium is specific to the 
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pulmonary circulation, or whether it is a more generalized mechanism that only 
results in sustained vasoconstriction during hypoxia when combined with 
pulmonary-specific mechanisms in the underlying VSM. 

2. Vasoconstrictor Versus Vasodilator Mechanisms 

It is important to establish at the outset whether the endothelium- 
dependent component of HPV is due to an endotheliunr-derived vasoconstrictor, 
or, alternatively, to reduced activity of a vasodilator; both would lead to an 
increase in vascular tone. It has been suggested that HPV may be partly or 
wholly due to suppression of an endothelium-derived vasodilator influence such 
as NO or prostacyclin (2, 6, 35). If this were the case, it might be expected that 
removal of the endothelium or application of an eNOS blocker would mimic 
hypoxia and increase normoxic tension in pulmonary arteries, apparently 
suppressing HPV since the artery is already fully constricted. Except for a study 
on neonatal piglets (2), the large majority of studies do not support this 
contention, as endothelial-denudation is normally reported to cause a very minor 
increase in pulmonary artery basal tone if any and, as reported above, fairly 
consistently suppresses sustained HPV (17, 21, 22). Moreover, Gaine et al. (10) 
have shown that HPV can be restored in denuded arteries when tissue with an 
intact endothelium is included in the bath, though this did not reduce tension in 
normoxia. This does not however rule out an important modulatory influence of 
endothelium-derived vasorelaxant substances on HPV. 

3. The Phenomenon of Pretone: A Role for the Endothelium? 

There are several apparent qualitative differences that are commonly 
observed between studies on perfused lungs, intact animals, isolated arteries and 
VSM cells (see also Ref. 39). This is most likely at least partly due to differences 
in the extracellular milieu. Many factors modulate HPV, and of particular 
importance is the initial degree of vasoconstriction (or “pretone”). Pretone has 
been known for some time to have a strong potentiating or facilitatory effect on 
HPV, and in many cases (but not all), salt-perfused lungs, isolated pulmonary 
arteries and VSM cells only exhibit a really significant response to hypoxia in 
the presence ofa small “priming” or facilitatory concentration of vasoconstrictor 
agonist, that is effectively synergistic with hypoxia (9, 2 1 , 25, 32, 37, 40). It may 
therefore be difficult for the effects of any drug or inhibitor to be distinguished 
between those acting on specific mechanisms underlying HPV, and those acting 
non-specifically via an effect on this priming phenomenon, unless the latter can 
be accounted for (28). 

In the context of this chapter, it is important to consider the potential 
source of priming agent(s), and to differentiate between agents that may be 
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present whether or not there is hypoxia, and those that are released as a 
consequence of hypoxia and play a direct, specific, and critical role in the 
sustained HPV response. Several different types of vasoconstrictor can be used 
as priming agents, including prostaglandin F 2a , angiotensin II, thromboxane 
analogues, endothelin 1 (ET-1) and a-adrenoceptor agonists, as well as high [K + ] 
depolarization. Many vasoconstrictors are constitutively produced and could act 
as endogenous priming agents for HPV in intact animals and perfused lungs . 
These could easily be overlooked as the small amount of priming required for 
development of a hypoxic response may be insufficient to cause any significant 
vasoconstriction on its own (32), and agents affecting the primer therefore might 
not have any effect on pulmonary vascular resistance during normoxia, but may 
still have significant effects on HPV. The importance of taking the above into 
consideration when comparing between different preparations and methodologies 
cannot be over-emphasized. 

Several vasoconstrictors, in particular ET-1, are produced by the 
endothelium, raising the possibility that the loss of sustained HPV after removal 
of the endothelium is due to loss of a priming agent rather than to a specific 
mediator released in response to hypoxia. However, there are two reasons why 
we consider this to be unlikely. The first is that increasing the concentration of 
priming agent tends to potentiate both the transient and sustained components of 
HPV in isolated artery preparations (25, 40), whereas removal of the 
endothelium only abolishes or depresses the sustained component (7, 20). This 
implies that priming facilitates the mechanisms underlying the hypoxia-induced 
rise in VSM [Ca 2+ ];, a concept consistent with some previous studies (32, 37). 
There is also good evidence that in sustained HPV, the endothelium promotes an 
increase in Ca 2+ sensitivity ofthe contractile apparatus, but has no effect on VSM 
[Ca 2+ ] ( (39); this important aspect is discussed in some detail below. This does 
not rule out the possibility that a single endothelium-derived mediator could be 
acting as both priming agent and mediator for sustained HPV. 

4. The Endothelium, Ca 2+ and Ca 2+ Sensitization 

Our studies in rat small pulmonary arteries have shown that the 
relationship between [Ca 2+ ] : and tension development during sustained HPV (20- 
60 min) is not straightforward. Whereas [Ca 2+ ]| (measured using Fura-2 
simultaneously with tension) shows an initial transient rise followed by a raised 
but stable plateau, after an initial transient constriction, tension continues to rise 
progressively without any further change in [Ca 2+ ]; (Fig. 1) (20, 26, 28). 
Moreover, removal of the endothelium does not alter the hypoxia-induced rise 
in [Ca 2+ ] i( even though the sustained component of HPV is abolished (39). This 
strongly suggests, as we originally proposed in 1995 (26), that the endothelium 
is releasing a factor that increases the Ca 2+ sensitivity of the VSM contractile 
apparatus, and the concept of modulation of Ca sensitivity as an important 
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component ofHPV is now gaining acceptance (1, 7, 38). The reader is also 
directed to the chapters in this volume on the critical role of Ca 2+ sensitization in 
HPV, by Robertson and McMurtry (Chapters 7 and 24). 



P0 2 140 

(mmHg) 

25 
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Figure 1: A typical experiment on a small intrapulmonary artery (~350 pm i.d.) from rat, showing 
simultaneous recordings of Po 2 , tension, and [Ca 2+ ]j measured with Fura PE-3. The solid lines are 
from an experimental trace. PGF 2a was used as a priming agent, and the level of pretone is shown 
as a dashed line; on reoxygenation both tension and [Ca 2+ ]j fall back to the level of pretone. 
Hypoxia elicited a biphasic response, with a transient constriction and rise in [Ca 2+ ]; superimposed 
on a slowly developing but sustained vasoconstriction and a stable rise in [Ca 2+ ], respectively. The 
transient component is absent in the present of 1 pM La 3+ or with use of 20 mM K + as a priming 
agent; it is shown shaded in the figure. The effect of removal of the endothelium is shown as the 
dotted line; although the sustained component of tension is abolished, there is no effect on [Ca 2 *]j 
(line offset for clarity). 



Regulation of Ca 2+ sensitivity is a recognized mechanism that contributes 
to the vasoconstrictor response to a variety of agonists in smooth muscle (34). 
Ca 2+ sensitivity is determined by the balance between Ca 2+ -calmodulin dependent 
phosphorylation of the myosin light chain (MLC) by myosin light chain kinase 
(MLCK), and its dephosphorylation by myosin phosphatase (SMPP-1M) (Fig. 
2B) (34). Several protein kinases have been implicated in pathways leading to 
Ca 2+ sensitization, including protein kinase C (PKC), Rho-associated kinases 
(ROK 1 and 2), and possibly MAP kinases. 
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4.1. Protein Kinase C 

Activation of PKC isoforms has been long been recognized as leading 
to Ca 2+ -independent vasoconsbiction in smooth muscle (including pulmonary 
vascular smooth muscle), although it is now believed that conventional and novel 
PKC isoforms play little role in at least G-protein mediated regulation of Ca 2+ 
sensitivity (34). Several studies in isolated perfused lungs have suggested that 
inhibition of PKC suppresses HPV and hypoxia-mediated pulmonary 
hypertension (3, 41). However, in isolated small pulmonary arteries, the wide 
spectrum PKC inhibitor, Ro3 1-8220, had no effect on endothelium-dependent 
HPV, although it completely abolished phorbol ester induced pulmonary 
vasoconstriction (26). Note that PKC inhibition may affect the action of 
endogenous priming agents (Fig. 2). 

4.2. P 3 ® MAP Kinase 

Comparatively little work has been performed on the role of MAP 
kinases in HPV, though a recent study by Karamsetty et al. (16) shows that 
SB202190, an inhibitor of p 38 MAP kinase, abolishes the sustained phase of HPV 
in isolated pulmonary arteries. Even though this effect appears to be relatively 
specific to the sustained component of HPV, it is not yet clear whether it relates 
to inhibition of the signal transduction pathways leading to Ca 2+ sensitization, 
those linking the hypoxic sensor to Ca 2+ mobilization in the vascular smooth 
muscle cells, or production of an endothelium-derived mediator in pulmonary 
arteries. 

4.3. RhoA and Rho Associated Kinase 

There has been considerable interest in the role of the monomeric G- 
protein RhoA and the inhibition of myosin phosphatase by its associated kinase, 
Rho kinase. It is now believed that this pathway is the major intermediate for 
regulation of Ca 2+ sensitivity in smooth muscle (34). We have shown that an 
inhibitor of Rho kinase, Y-27632, selectively suppresses the sustained, but not 
transient, component of HPV in small pulmonary arteries, and abolishes the 
hypoxic pressor response in isolated perfused lungs at very low concentrations 
(27). Another study has also shown that Rho A and Rho kinase are both activated 
and are important for myosin light chain (MLC) phosphorylation during acute 
hypoxia-mediated pulmonary vasoconsbiction (38). These results sbongly 
suggest that RhoA and Rho kinase are a key component of the mechanisms 
underlying sustained and endothelium-dependent pulmonary vasoconstriction 
induced by acute hypoxia (Fig. 2B). 
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5. Endothelium-derived Mediators and HPV 

Although there is strong evidence that the pulmonary vascular 
endothelium is important, possibly crucial, for development of sustained HPV, 
and that its action appears to be via an increase in vascular smooth muscle Ca 2+ 
sensitivity mediated via RhoA/Rho kinase, the mediator responsible has not been 
identified (Fig. 2D). Moreover, the pulmonary endothelium also has a powerful 
modulatory influence on pulmonary vasomotor tone and vascular resistance via 
the action of numerous other mediators, and this may be modified during 
hypoxia. In the following section we briefly review the influence of key 
endothelium-derived mediators on HPV (Fig. 3), and discuss the possible 
identity of the putative mediator underlying the endothelium-dependent 
component of sustained HPV. 




Figure 2: Schematic of potential pathways underlying sustained, endothelium-dependent HPV. 
A: Hypoxia causes an increase in VSM [Ca 2+ ]j via mechanisms independent of the endothelium; 
these are discussed elsewhere in this volume. B: Ca 2+ sensitivity is regulated by the balance 
between phosphorylation of MLC by MLCK and its dephosphorylation by SMPP-1M; ROK 
inhibits SMPP via its regulatory subunit, thus enhancing MLC phosphorylation. PKC also inhibits 
SMPP-1M, but this effect is dominated by the Rho/Rho kinase pathway. C: ET-1 causes 
activation of PKC which, in turn, suppresses opening of voltage gated and other K’ channels and 
causes depolarization; PKC also activates Ca 2t channels. Note that other priming agents also 
activate PKC and/or cause depolarization (see text). D: During sustained HPV an unidentified 
endothelium-derived mediator (“X”) causes Rho A and ROK translocation to the membrane where 
ROK activates, leading to Ca 2+ sensitization. PLC: phospholipase C; MLCK; myosin light chain 
kinase; ROK: Rho kinase; SMPP-1M: myosin phosphatase. 
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5.1. Cyclooxygenase Products 

The cyclooxygenase pathway synthesizes a wide range of vasoactive 
products, with both vasoconstrictor and vasodilator properties. Numerous studies 
have failed to show that any vasoconstrictor prostanoid is involved in HPV, 
although prostacyclin may act as a physiological brake (1). It has been proposed 
that inhibition of prostacyclin production during hypoxia may form an important 
component of HPV (6), but inhibition of the cyclooxygenase pathway has little 
if any effect on HPV in isolated small arteries of rat or pig (21, 22). 
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Figure 3: Pulmonary arterial endothelium-derived mediators affecting vascular tone. P450: 
Cytochrome P-450 monooxygenase; NOS: NO synthase; COX: cyclooxygenase; ECE: 
endothelin-converting enzyme; LO: lipoxygenase; LTC 4 /D 4 : cysteinyl leukotrienes C 4 and D 4 ; 
ROK: Rho kinase. Note a: P450 mono-oxygenase is expressed in both endothelium and VSM. 
Note b: Vasoconstrictor prostanoids are also produced by other cell types, and are increased in 
inflammation; thromboxane and PGF 2(> have been implicated in the pulmonary vasculature. Note 
c: ET-1 also acts via ET B receptors on the endothelium to activate NOS and COX; atypical ET B 
receptors may promote constriction in VSM. The evidence that ET-1 production is increased in 
acute hypoxia is open to question, and there is strong evidence that it is not. Note d: Leukotriene 
production by the endothelium may only be significant in inflammation. 



5.2. Lipoxygenase Products 

The lipoxygenase pathway synthesizes a variety of inflammatory 
mediators from arachidonic acid, the most important in this context being the 
cysteinyl leukotrienes. These are powerful vasoconstrictors, and there is also 
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evidence that they activate RhoA/Rho kinase (31). However, several studies have 
dismissed them as playing any role in HPV whatsoever (36, 41). 

5.3. Cytochrome P-450 Products 

The cytochrome P-450 mono-oxygenase system consists of a family of 
0 2 -sensitive enzymes that are expressed in both pulmonary vascular smooth 
muslce and endothelium, and synthesize hydroxyeicosatetraenoic acids (HETEs) 
and cis-epoxyeicosatrienoic acids (EETs) (14). Both HETEs and EETs are 
normally regarded as pulmonary vasodilators (14), and there is little evidence for 
any major role for cytochrome P-450 products in HPV (42). Nevertheless, as 
hypoxia inhibits the production of20-HETE it has been proposed that this effect 
could provide an important contribution to HPV by relieving a vasodilator 
influence (14). 

5.4. Nitric Oxide 

Endothelium-derived nitric oxide is an important modulator of 
pulmonary vascular - tone and resistance. There is little if any evidence that it is 
involved in the mechanisms of HPV per se, but changes in its synthesis during 
hypoxia undoubtedly have a major modulatory influence in the intact animal and 
perfused lung. Inhibition of nitric oxide synthase (NOS) is almost universally 
found to potentiate HPV in such preparations, even though it may have little 
effect on pulmonary vascular resistance during normoxia (1). Results derived 
from isolated arteries are less consistent, but often there is little or no effect of 
NOS inhibition on HPV except when hypoxia is severe (1). The overall 
consensus is that production of NO by the lung decreases in moderate hypoxia 
(19), as might be expected because 0 2 is a substrate for NOS. Nevertheless, it has 
been proposed that nitric oxide may act as a physiological brake on HPV (19), 
possibly at the level of the small pulmonary arteries and as a result of increased 
shear - stress due to hypoxia-induced narrowing of these arteries (1). 

5.5. Endothelin 1 

ET-1 has been mooted as either the primary mediator, or an important 
priming factor, in HPV. The actions of this 21 -amino acid polypeptide on the 
pulmonary vasculature are extraordinarily complex and context-dependent. It is 
generally held that ET-1 acts mainly via ET A receptors on the pulmonary VSM 
to cause constriction, and via ET B receptors on the endothelium to release nitric 
oxide and prostacyclin to cause relaxation (Fig. 3), with the latter effect 
predominating if ET-1 is applied in the presence of pre-existing tone (5). 
However this picture is complicated by the presence, at least in some species, of 
atypical ET B receptors which mediate contraction (23), and by the reported 
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ability of ET-1 to release vasoconstricting prostanoids (4). 

The role of ET-1 in acute HPV remains controversial, since the 
substantial literature which supports its involvement is balanced by an equally 
persuasive body of work which denies it. These reports can be summarized by 
noting that selective ET A or mixed ET A /ET B blockers inhibit HPV in some 
studies, but not in others of apparently similar quality (1). Recently, however, 
several papers have appeared which go some way towards resolving this debate. 

Sato et al. (30) noted that studies supporting a role for ET-1 in HPV have 
mainly been carried out in intact animals, while those showing a lack of effect 
have typically been conducted in perfused lungs. They therefore examined the 
effects of ET-1 antagonists on HPV in conscious catheterized rats, as well as in 
isolated blood-perfused and salt-perfused rat lungs. In each case, blockade ofthe 
ET A receptor greatly attenuated HPV. HPV was, however, restored in salt 
perfused lungs exposed to combined ET A /ET B blockade when hypoxia was 
applied in the presence of angiotensin II, and also when the lungs had been 
pretreated with the K ATP channel antagonist glibenclamide. Based on the results 
of this elegant study, they proposed that ET-1 acts on pulmonary VSM to 
tonically inhibit K ATP channels, thereby causing a small degree of ongoing 
depolarization which allows other processes stimulated by hypoxia to cause 
constriction (Fig. 2C). Angiotensin II could also play a similar role in ‘enabling’ 
HPV, thus explaining the observation of many investigators that HPV is greatly 
enhanced in isolated lung preparations if they are first primed with this drug (and 
see section 3 above). The work of Sato et al. (30) suggests, however, that ET-1 
may be a more physiologically relevant priming agent. 

A similar proposal was advanced by Sham et al. (32), who found that the 
very small contraction and rise in [Ca 2+ ]j induced by hypoxia in VSM cells 
isolated from distal porcine pulmonary arteries was greatly increased if cells 
were primed with a low concentration (0. 1 pM) of ET- 1 , which itself had no 
effect. In a subsequent study of HPV in porcine small pulmonary arteries using 
a perfusion myograph (22), they observed that HPV was entirely abolished by 
removal of the endothelium. This effect was mimicked by the ET A antagonist 
BQ-123, whereas blockade of cyclooxygenase with indomethacin had no effect, 
and inhibition of eNOS with L-NAME greatly enhanced HPV. Application of 
ET-1 (0.1 pM) to endothelium-denuded arteries was then able to restore the 
response to hypoxia. Again, ET-1 was suggested to be acting as a priming agent 
rather than specific mediator of HPV. 

Johnson et al. (15) have very recently examined the effect of BQ-123 on 
pulmonary hemodynamics in non-sedated young human volunteers under 
normoxic and moderately hypoxic conditions (arterial P0 2 = 1 00 and 49 mmHg, 
respectively). BQ-123 caused a significant fall in pulmonary vascular' resistance 
(PVR) under normoxic conditions, but did not cause any inhibition of the 
percentage increase in PVR elicited by hypoxia. Although these results support 
the concept that ET-1 supports a degree of basal tone in the human pulmonary 
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vasculature, they argue against the proposal that this ET-1 mediated tone is an 
obligatory priming factor for HPV, at least in healthy young individuals. They 
do not, however, rule out the possibility that some degree of pretone contributed 
by other factors (including ET-1 acting via ET B receptors) is required forthe full 
expression of the hypoxic response in humans, or that ET-1 may play more of 
a role in conditions such as heart failure or primary pulmonary hypertension, in 
which its plasma levels and/or receptor expression may be elevated. 

Possible subtleties which may complicate the role of ET-1 in HPV are 
evident in the report of Ambalavanan et al. (2), who studied HPV in chronically 
instrumented and sedated 3-4 week old piglets. They found that the ET A receptor 
blockers EMD 122946 and BQ 610 partially suppressed the moderate hypoxia- 
elicited rise in PVR. The eNOS inhibitor L-NAME, however, caused a large 
increase in PVR, after which hypoxia had no further effect. The rise in PVR 
caused by L-NAME was not reversed by EMD 122946. Based on their results, 
the authors proposed that HPV in their model was being caused by a fall in NO 
release. They suggested that the partial reversal of HPV by EMD 122946 and BQ 
610 was occurring because blockade of ET A receptors was unmasking or 
enhancing an ET B -mediated release of NO, rather than by preventing a direct 
ET A -mediated constriction. One implication of this intriguing hypothesis, which 
is that combined ET A /ET B receptor antagonists should not be useful in preventing 
HPV, is however not supported by several other studies, in which non-selective 
antagonists ET-1 antagonists were effective in suppressing HPV (13). 

On the face of it, these reports suggest that ET-1 is not the unique 
stimulus of HPV, at least in humans, rats, and piglets. Instead, ET-1 may be one 
of several priming factors which potentiate HPV non-specifically (see section 3) 
(39), depending on the extent to which it is contributing to basal pulmonary tone 
or excitation in a particular species and under the specific conditions obtaining 
at the time of study. It is clear, however, that the effects of ET-1 on the 
pulmonary vasculature are complex, and it is not unlikely that future studies will 
fuel rather than resolve the ongoing debate concerning its role in HPV. 

5.6. Other Potential Mediators of Endothelium-dependent HPV 

We originally suggested that the endothelium released a substance 
during sustained HPV that effectively altered the Ca 2+ -tension relationship of the 
underlying VSM in 1995 (26). Since that time there has been a significant 
amount of work to support this hypothesis. So far however, no known 
endothelium-derived mediator has been shown to play an indispensable role in 
sustained HPV, and the identity of the mediator responsible for endothelium- 
dependent Ca 2+ sensitization of the VSM during hypoxia remains unknown. 
Although ET-1 is the candidate of choice for many, and may indeed play an 
important role as an endogenous facilitator or priming agent for HPV (see 
above), blockade of all endothelin receptors does not even slightly diminish HPV 
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(7, 8, 10, 18). Therefore, there is clear evidence that the endothelium must 
release another vasoconstrictor mediator that is distinct from ET-1, and which 
is not a product of the cyclooxygenase or lipoxygenase pathways. 

An important study in support of this hypothesis was published by Gaine 
et al. (10), who showed that removal of the endothelium from pig pulmonary 
artery rings abolished the slowly developing and sustained component of HPV, 
but that this component could be fully restored in the presence of pulmonary 
valve leaflets as a source ofpulmonary endothelial cells. Neither indomethacin 
nor the ET A antagonist BQ123 had any effect on either the initial sustained 
component of HPV before endothelium removal, nor that after restoration in the 
presence of the valve leaflets (10). This strongly suggests the action of an 
endothelium-derived factor that is not ET-1 or a cyclooxygenase product. 

Further evidence for a specific mediator of sustained HPV and the 
associated Ca 2+ -sensitization comes from our recent study on the properties of a 
factor derived from the effluent of hypoxic-perfused rat lungs (29). Lungs were 
perfused under normoxic and hypoxic conditions, and the factor extracted and 
partially purified. There are several distinct similarities between the effects of 
this factor and the sustained, endothelium-dependent component of HPV. The 
factor induced a slowly developing vasoconstriction in pulmonary arteries, which 
was insensitive to L-type channel blockade and not associated with a rise in 
[Ca 2+ ]|; it also significantly potentiated the action of another vasoconstrictor. 
Both of these results imply that it induces an increase in Ca 2+ sensitivity in the 
VSM. Importantly, the vasoconstriction induced by the factor was completely 
unaffected by either indomethacin or combined ET A /ET B blockade, strongly 
suggesting that it is neither a cyclooxygenase product nor ET-1. An interesting 
observation was that the factor has very little effect on mesenteric arteries, and 
that when similar experiments were performed with effluent from hypoxic 
perfused mesenteric beds no equivalent vasoconstrictor activity could be 
discovered (29). This raises the possibility that this factor not only has a specific 
action in the pulmonary circulation, but also is specifically produced there. 

Evans and Dipp (8) have recently reported the results of a similar study 
using the effluent from perfused lungs, where they additionally showed that the 
vasoconstriction induced in endothelium-denuded pulmonary arteries by effluent 
from hypoxic lungs was suppressed by the Rho kinase inhibitor Y27632. 
Moreover, the Y27632 concentration-inhibition curve for this effect was almost 
identical to those observed for both sustained HPV in endothelium-intact 
pulmonary arteries and the hypoxic pressor response in perfused lungs; it is 
particularly noteworthy that Y27632 was considerably less effective in inhibiting 
the vasoconstrictor response to ET-1 (8). Taken together, these two reports 
strongly suggest that during hypoxia the lungs produce a mediator distinct from 
ET-1 which has very similar properties to those that would be predicted for the 
proposed endothelium-derived mediator of sustained HPV, in that both 
apparently act via a Rho kinase-mediated pathway to enhance the Ca 2+ sensitivity 
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of the VSM (Fig. 2D). It remains to be seen however whether the factor derived 
from the effluent of hypoxic perfused lungs is indeed produced by the 
endothelium. Moreover, attempts to identify the factor have proved to be 
technically very difficult. 

6. Summary 

There is a growing consensus that HPV is multi-factorial in mechanism, 
and, in particular, that for HPV to develop fully and be sustained there needs to 
be both a rise in VSM [Ca 2 + ]j, initiated by mechanisms intrinsic to the VSM cell, 
and a concomitant increase in VSM Ca 2+ sensitivity induced by an endothelium- 
derived mediator. The precise identity of the hypoxic sensor, the effector 
mechanisms leading to the rise in [Ca 2+ ] i , and the endothelium-derived mediator 
remain however controversial. In terms of endothelium-dependent HPV, there 
is now fairly strong evidence that the RhoA/Rho kinase pathway is central to the 
hypoxia-induced Ca 2+ sensitization, though other protein kinases may also be 
involved. Although this provides a potential therapeutic target for alleviation of 
both the detrimental effects of acute HPV in critically ill hypoxic patients, and 
pulmonary hypertension associated with chronic hypoxic lung disease, 
development of an antagonist to the putative endothelium-derived mediator 
would be a greater prize. However, the mediator must first be identified, and as 
yet no known endothelium-derived mediator has yet to be unequivocally 
demonstrated as essential for sustained HPV. 
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1. Introduction 

Oxygen is an abundant element in the world in which we live, making 
up 2 1 % of the air we breath. It is necessary in the production of energy as the 
terminal electron acceptor in the mitochondrial electron transport chain. Blood 
transports oxygen and ensures its efficient delivery to all tissues of the body, 
with the subsequent removal of carbon dioxide. In the cell, changes in the 
amount of oxygen can serve as a molecular switch, turning on ion channels (20), 
altering the expression of factors which affect local and regional blood flow (10, 
27, 28), and stabilizing transcription factors (15, 17). 

Oxygen also exists and has influence in forms other than 0 2 , including 
the highly reactive oxygen species (ROS); superoxide, hydrogen peroxide, and 
the hydroxyl radical. ROS have been traditionally viewed as detrimental by- 
products of metabolism with the potential to cause damage to lipids, proteins, 
and DNA. A series of antioxidant systems exist to reduce the damage caused by 
the production of these ROS. These antioxidant systems can be grouped into two 
categories: i) enzymatic (superoxide dismutase, catalase, and glutathione 
peroxidases) and ii) soluble (vitamin E, vita mi n C, P carotene). Imbalances 
between the production and neutralization of ROS can lead to diseases such as 
asthma, sarcoidosis, and chronic beryllium disease (6). However, the role of ROS 
may not be all negative, as some have been shown to have important physiologic 
function. 

Cell signaling events have been associated with changes in oxygen 
concentration as well as the formation of ROS. Interactions between oxygen, 
hemoglobin, and nitric oxide have been implicated in regulating blood flow 
through the alteration of vascular tone by the formation of S-nitrosothiols (27, 
28). Changes in the levels of oxygen have also been shown to regulate the 
activity of prolyl and asparagine hydroxylase, regulating the stability of the a 
subunit of the transcription factor hypoxia inducible factor- 1 (13, 15, 17). Both 
increases and decreases in the levels of ROS have been reported to regulate ion 
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channel activity in the vasculature thus regulating vascular tone to match 
ventilation to perfusion (32). 

The concentration of oxygen and its derivatives play a role both in 
physiology as well pathology. In this chapter, we will review the chemistry and 
formation of ROS and the antioxidant machinery that limits the abundance of 
ROS. In addition, we will summarize the following relationships: i) ROS and 
oxygen sensing in hypoxic pulmonary vasoconstriction; ii ) oxygen, nitric oxide 
and blood flow; and iii) oxygen regulation of the stability of the transcription 
factor, hypoxia-inducible factor-1 (HIF-1). 

2. Oxygen and Reactive Oxygen Species 

Oxygen is a necessity of life. It is essential for generating the energy 
needed to live by reducing molecular oxygen to water. During this process, 
oxygen undergoes a series of one-electron reductions in the mitochondrial 
electron transport chain to produce superoxide radical (0 2 ”), hydrogen peroxide 
(H 2 0 2 ), the hydroxyl radical (OH') and water (H 2 0) (Equation 1). 

0 2 -> Oj- -+ HA -» HO' -> H 2 0 [1] 

2.1. Superoxide (0 2 *~) 

The superoxide radical is produced from the one electron reduction of 
oxygen. The major source of this radical is from the oxygen reduction pathway 
in the electron transport chain of mitochondria and the endoplasmic reticulum. 
However, within the vascular wall, superoxides can be produced from NAD(P)H 
oxidase (2). The activated form of NAD(P)H oxidase is responsible for the single 
electron reduction of molecular oxygen to form superoxide (Equation 2). 

NAD(P)H + 20 2 -> NAD(P) + + H + + 20 2 " [2] 

A vascular isoform of this enzyme has been identified. It is constitutively active 
and is a major source of vascular superoxide production. Two cytochrome b 558 
subunits, p22 phox and gp9F A “, of NADPH oxidase have been shown to be 
important for electron transport and the reduction of molecular oxygen to 
superoxide (2). Other sources of superoxide production include xanthine oxidase 
and nitric oxide synthase (NOS). Xanthine oxidase converts hypoxanthine to 
xanthine and produces superoxide as a by-product. NOS generates superoxide 
rather than NO under conditions in which L-arginine or tetrahydrobiopterin are 
limiting (26). 

Vascular superoxide production sites include the endothelium, vascular 
smooth muscle cells and the fibroblasts within the adventitia (2). Unfortunately, 
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the superoxide radical is dangerous to biological systems because it is easily 
converted to a more reactive oxygen species. This radical can generate the 
hydroxyl radical via a series of reactions known as the metal-catalyzed Haber- 
Weiss reaction or the superoxide radical-driven Fenton reaction (Equations 3, 4, 
and 5). 

Fe 3+ + 0 2 " — ► Fe 2+ + 0 2 (Haber- Weiss Reaction) [3] 

Fe 2+ + H 2 0 2 -+ Fe 3+ + HO' + HO’ (Fenton Reaction) [4] 

0 2 " + H 2 0 2 -* 0 2 + HO' + HO’ [5] 

In addition, the superoxide radical can react with nitric oxide to give 
peroxynitrite (ONOO’) (Equation 6). The products of both reactions (Equations 
5 and 6) are very reactive. 

NO + 0 2 ” -» ONOO’ [6] 

Fortunately, the superoxide radical is removed in vivo by superoxide dismutase 
(SOD) (Equation 7). 

20 2 " + 2H + -» H 2 0 2 + 0 2 [7] 

2.2. Hydrogen Peroxide (H 2 0 2 ) 

Hydrogen peroxide (H 2 0 2 ) has no unpaired electrons and is therefore not 
a radical. In biological systems, hydrogen peroxide is relatively stable, may be 
long-lived, can travel long distances, and readily passes through cell membranes. 
Hydrogen peroxide is produced from microsomes, mitochondria, and phagocytic 
cells mainly through the superoxide radical. Thus, any biological system that 
produces superoxide radical will produce hydrogen peroxide by nonenzymatic 
or superoxide dismutase-catalyzed dismutation (Equation 7). In addition, it can 
be directly produced by several oxidase systems including monamine oxidase, 
galactose oxidase, xanthine oxidase and amino acid oxidase (6). Hydrogen 
peroxide can be oxidized by eosinophil-specific peroxidase and neutrophil- 
specific peroxidase using halides as a cosubstrate to form potent oxidant 
hypohalous acids (HOX) and other reactive halogenating species (Equation 8). 

H 2 0 2 + X’ + H + -* HOX + H 2 0 (X = Bf, Cl) [8] 

Hydrogen peroxide (H 2 0 2 ) can inactivate enzymes through oxidation of essential 
thiol groups. More importantly, when hydrogen peroxide enters the cell it may 
react with Fe 2+ or Cu 1+ (Fenton reaction ) to give the hydroxyl radical (Equation 
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4) (21). Dismutase and catalase contribute to the removal of 1I 2 0 2 (Equation 9). 
2H 2 0 2 -» 2H 2 0 + 0 2 [9] 

2.3. Hydroxyl Radical (OH ) 

Most of the damage produced by 0 2 * and H 2 0 2 in vivo is due to the 
production of hydroxyl radicals via the metal catalyzed Haber-Weiss reaction or 
the superoxide radical-driven Fenton reaction (Equations 3-5). Alternately, 
generation of the hydroxyl radical may involve the one electron reduction of 
hypochlorite by 0 2 *~ or an Fe 2+ complex (Equations 10 and 11). 

HCIO + 0 2 " -» Cl' + 0 2 + HO* [10] 

HCIO + Fe 2+ -> Cl* + Fe 3+ + HO' [11] 

The hydroxyl radical has a very high oxidation potential and is highly reactive. 
Once formed in vivo, the hydroxyl radical may react rapidly with almost any 
molecule near its formation site. However, because of its high reactivity, it is 
short-lived, thus unable to react with molecules far away from its site of 
initiation. 

3. Nitric Oxide and Reactive Nitrogen Species 

Nitric oxide (NO) is a cell signaling molecule involved in a number of 
physiological and pathophysiological processes. NO is synthesized by a family 
of complex enzymes know as NOS. Three isoforms exist: bNOS (neuronal or 
Type I NOS), iNOS (inducible or Type II NOS) and eNOS (endothelial or Type 
III NOS). Each enzyme is a homodimer requiring three cosubstrates (L-arginine, 
NADPH, and 0 2 ) and five cofactors (FAD, FMN, Ca 2+ -calmodulin, heme and 
tetrahydrobiopterin) for activity. 

NO' is a free radical gas with a short half life under physiological 
conditions. NO chemistry and concentration determine its biological effect. The 
redox biochemistry of NO involves the action of three redox species: NO + 
(nitrosonium), NO' (nitroxyl anion) and NO* (the free radical gas), with each 
redox species having its own unique chemical properties. Together, NO can react 
with oxygen, superoxide anion, redox metals, and other radical species. 

3.1. NO Reactions with Oxygen 

NO does not rapidly react with most biological molecules. However, the 
effects of NO can be mediated through the formation of reactive nitrogen oxide 
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species from reactions of NO with either O 2 or 0 2 ’"(34). Three types ofreactions 
can occur: i) nitrosative reactions, adding the equivalent of NO + to an amino, 
thiol, or hydroxy aromatic group; ii) oxidative reactions, the removal of 1 or 2 
electi ons from a substrate or a hydroxylation reaction; and iii) nitration reactions, 
the addition of an equivalent of an N0 2 + to an aromatic group. 

N0 2 , N 2 0 3 and N 2 0 4 can nitrosate sulfhydryl and tyrosine groups and 
oxidize substrates. In aqueous solution, N 2 0 3 hydrolyzes to nitrite (Equations 12, 
13, and 14) and is capable of the oxidation of redox-active complexes. 



2NO' + 0 2 -> 2N0 2 


[12] 


N0 2 + NO’ -♦ N 2 0 3 


[13] 


N 2 0 3 + H 2 0 -» 2HN0 3 


[14] 



The primary reaction of N 2 0 3 is nitrosation. Nitrosation of amines results in the 
formation of nitrosamines. Nitrosamines are carcinogenic and have deleterious 
consequences. Nitrosation of thiols results in the formation of nitrosothiols. On 
the other hand, nitrosation of thiols has been shown to have a variety of effects 
from inhibiting enzyme action to modifying signal transduction (34). 

3.2. NO Reactions with Superoxide 

The reaction of NO' with superoxide results in the formation of 
peroxynitrite (~0N00) (Equation 15 ). 

NO' + 0 2 " -» OONO [15] 

The formation of peroxynitrite is dependent on the concentrations of both NO 
and 0 2 ". In healthy cells, the levels of NO' are regulated by the activity ofNOS 
and the presence of oxyhemoglobin. The levels of 0 2 " are regulated by the 
activity of superoxide dismutase. Generally, the formation of peroxynitrite is a 
detrimental reaction. Protonation of peroxynitrite leads to the formation of 
peroxynitrous acid (HOONO), which is thought to mediate most of the oxidation 
and nitration reactions mediated by peroxynitrite. However, in instances where 
NO or 0 2 * are in excess, reactions between peroxynitrite and either NO’ or 0 2 ’ 
can limit peroxynitrite activity (Equations 16 and 17) (34). 



[16] 



ONOO' + NO' -» N0 2 + N0 2 * 
ONOO + 0 2 * -» N0 2 + 0 2 + NO' 



[17] 
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3.3. Interaction with Redox Metals 

NO can interact directly with metal centers forming metal nitrosyl 
complexes (Equation 18). For example, the reaction of NO with proteins 
containing heme moieties such as guanylate cyclase, cytochrome P450 and NOS 
(34). 

Fe 2+ + NO -* Fe 2+ -NO [18] 

NO can also interact directly with metal-oxygen complexes like that seen with 
oxyhemoglobin (Equation 19) forming met hemoglobin and nitrate. 

Hb(Fe-0 2 ) + NO -* met Hb(Fe 3+ ) + N0 3 ‘ [19] 

Lastly, NO can interact with high valent metal complexes formed from the 
oxidation of metal species or metal oxygen complexes by agents such as H 2 0 2 
(Equations 20 and 21). 

Fe 3+ + H 2 0 2 -» Fe 4+ = O + H 2 0 [20] 

Fe 4+ = O + NO -* Fe 3+ + N0 2 ' [21] 

The addition of NO in this situation, results in the reduction of the hypervalent 
complex to a lower valent state, protecting tissues from peroxide -mediated 
damage. 

3.4. NO Reactions with Radicals 

NO' has an unpaired electron, thus NO' can react with other radical 
species. For instance, NO' can react with the hydroxyl radical (Equation 22) 

NO' + OH' -» HN0 2 [22] 

Alternatively, NO' can react withN0 2 to form the reactive the nitrogen oxide 
species N 2 0 3 (Equations 23 and 24). 

N0 2 + NO* -*• N 2 0 3 [23] 

N 2 0 3 + H 2 0 -* 2HN0 3 [24] 

Furthermore, alkyl, alkoxy, and alkylperoxide radicals have also been shown to 
react with NO (Equation 25) terminating lipid peroxidation chain reactions and 
protecting the cells against peroxide induced cytotoxicity. 
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LOO’ + NO -» ROONO [25] 

4. Antioxidant Defense Mechanisms 

Cellular antioxidant defenses can be separated into two types, enzymatic 
and non-enzymatic. Enzymatic defense systems include superoxide dismutase, 
glutathione peroxidases, and catalases. The non-enzymatic pathways include 
vitamin E, vitamin C and P carotene. 

4.1. Enzymatic Defense Systems 

4.1.1. Superoxide Dismutase (EC1. 15.1.1) 

Superoxide dismutases (SOD) are a family of metalloenzymes that 
catalyze the one-electron dismutation of 0 2 * to H 2 0 2 (Equation 26). 

20 2 ” + 2H + -+ H 2 0 2 + 0 2 [26] 

SOD provides the first line of enzymatic defense against intracellular free radical 
production by removing 0 2 ". There are three types of SOD: copper/zinc SOD 
(Cu/Zn SOD, SOD1), manganese SOD (Mn SOD, SOD2), and extracellular SOD 
(EC-SOD, SOD 3). 

Cu/Zn-SOD is a highly stable enzyme found in the cytosol and nucleus 
of all cell types (8). It is dimer composed of two 16 kDa subunits, each 
containing 1 copper and 1 zinc atom. The copper is essential for the enzyme’s 
catalytic activity while the zinc stabilizes the protein’s structure. In the normal 
rat lung, CuZn-SOD is expressed in alveolar epithelial cells, fibroblasts, and 
capillary endothelial cells (4). CuZn-SOD deficient mice develop normally to 
adulthood and show no apparent evidence of oxidative damage (30). 

Mn-SOD is a homotetramer with a molecular weight of 88 kDa. Each 
subunit contains a manganese atom. Mn-SOD is made in the cytoplasm and is 
directed to the mitochondria by a signal peptide, were it dismutates 0 2 ’ 
generated by the respiratory chain. Mn-SOD has been localized to type II 
pneumocytes, alveolar macrophages and bronchial epithelium of the rat (4, 5) 
and bronchial epithelial cells ofthe human (7). Mn-SOD gene knockout mice all 
die within 10-21 days after birth from cardiomyopathy, neurodeneration, and 
metabolic acidosis (18, 19). 

EC-SOD is a member of the CuZn-SOD family, and is produced in 
fibroblasts and glial cells and secreted into the extracellular fluid. EC-SOD 
mostly exists as a homotetramer glycoprotein with a molecular weight of 135 
kDa. EC-SOD has an affinity for heparin, thus it exists in the vasculature bound 
to the surface of endothelial cells and to the extracellular matrix. It has been 
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suggested that EC-SOD plays a role in modulating nitric oxide levels and nitric 
oxide bioavailability (24). Mice lacking the Sod3 gene have been generated and 
characterized. They appeal' to be normal when kept under normal laboratory 
conditions. However, when exposed to oxidative stress, survival is reduced with 
death due to pulmonary edema, consistent with the lung being the tissue with the 
highest amount of EC-SOD in mice (3). In the human lung, EC-SOD has been 
found in bronchial epithelial cells, alveolar type I cells, alveolar macrophages, 
chondrocytes, and endothelial cells (23). 

4.1.2. Glutathione Peroxidase (EC 1.11.1.9) 

Glutathione peroxidase (GP X ) is a homodimer with each 22 kDa subunit 
bound to a selenium ion. GP X is located in both the cytosol and mitochondrial 
matrix in a 2:1 ratio. GP X catalyzes the reduction of H 2 0 2 and organic 
hydroperoxides to water and alcohol using glutathione (GSH) as the electron 
donor while GSH is oxidized to glutathione disulfide (GSSG) (Equations 27 and 
28). 

2GSH + H 2 0 2 GSSG + 2H 2 0 [27] 

2GSH + ROOH -* GSSG + H 2 0 [28] 

GSSH is recycled to GSH through a reduction catalyzed by glutathione reductase 
in the presence of NADPH forming a redox cycle. 

4.1.3. Catalase (EC 1.11.1.6) 

Catalase (CAT) catalyzes the decomposition ofH 2 0 2 to H 2 0 (Equation 
29). 

2H 2 0 2 -» 2H 2 0 + 0 2 [29] 

It shares this function with GP X , but the substrate specificity and affinity and 
cellular location of these two antioxidant enzymes are different. CAT is a 
tetramer with a molecular weight of 240 kDa. CAT is mainly localized to 
peroxisomes, but mitochondria and other intracellular organelles such as 
endoplasmic reticulum may also contain some CAT activity. It is detectable in 
alveolar type II pneumocytes and macrophages (14). Heme (Fe 3+ ) is a required 
to be bound to the enzyme’s active site for its catalytic functions. The primary 
function of CAT is to remove H 2 0 2 produced in the peroxisomes due to enzymes 
such as flavoprotein dehydrogenase in the (3-oxidation of fatty acids, urate 
oxidase, and the metabolism of D-amino acids. 




241 



4.2. Non-enzymatic Defense Systems 

4.2.1. Vitamin E 

Vitamin E (a tocopherol) is an important fat-soluable antioxidant. All 
cell membranes contain small levels ofvitamin E with the majority concentrated 
in the inner mitochondrial membrane (2 1 ) . V itamin E quenches an electron from 
a free radical species and is converted to a vitamin E radical. The vitamin E 
radical can be reduced back to vitamin E via enzymatic or non-enzymatic 
processes by ascorbate or GSH. 

4.2.2. Vitamin C 

Vitamin C (ascorbate) is a water soluble vitamin present in the cytosol 
and extracellular fluid. It can interact directly with superoxide and hydroxyl 
radical. In addition, vitamin C can also donate an electron to the vitamin E 
radical. It is then oxidized to a semidehydroascorbate (SDA) radical. SDA is 
recycled by i) dihydrolipoate or ii) disproportionation reaction forming 
dehydroascorbate (DHA). In the presence of GSH, DHA reductase catalyzes the 
regeneration of ascorbate. Alternatively, SDA can be converted directly to 
ascorbate by SDA reductase. 

4.2.3. p-Carotene 

P-Carotene is a major carotenoid precursor of vitamin A. p-carotene 
inhibits lipid peroxidation initiated by oxygen or carbon centered free radicals. 

5. ROS and Hypoxic Pulmonary Vasoconstriction 

Pulmonary vasoconstriction in response to hypoxia (HPV) improves gas 
exchange efficiency by matching ventilation to perfusion. The main stimulus for 
HPV is alveolar hypoxia. The main site of HPV is the small pulmonary arteries 
(60-70 pm i.d.) (11). ROS are thought to play a role in signaling the changes in 
P0 2 in the pulmonary vasculature. Both increases (1) and decreases (3 1 -33) in the 
formation of mitochondrial ROS have been proposed. The first model proposes 
that the decrease in available oxygen during hypoxia inhibits mitochondrial 
electron transport, resulting in an accumulation of reducing equivalents and a 
decrease in ROS production. Complex I (NADH: oxidoreductase) is thought to 
function as an oxygen sensor by maintaining basal levels of superoxide and 
hydrogen peroxide production during normoxia. In hypoxia, the level of ROS 
decreases and NADH levels increase, thus shifting the state of cytosolic redox 
toward more reduced levels (33). The second model suggests that a paradoxical 
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increase in ROS generation occurs during hypoxia. Data do support this model: 
i ) pharmacological antioxidants have been shown to block the hypoxic response 
in isolated buffered perfused lung suggesting an increase in ROS is required 
(32); ii) inhibition of CuZn-SOD to block hydrogen peroxide formation has been 
shown to abrogate HPV, suggesting that hydrogen peroxide is an important 
downstream signaling agent; id) Inhibition of catalase augments the HPV 
response (22); and iv) hydrogen peroxide constricts the pulmonary circulation in 
normoxia (31). Taken together, this suggests that increased hydrogen peroxide 
is the signaling molecule involved in HPV. Unfortunately, experiments opposing 
both models have been reported, thus the role of ROS and the mechanism 
involved in sensing oxygen in HPV remains unresolved. 

6. Oxygen, NO, Hemoglobin, and Blood Flow 

Oxygen delivery to a tissue is determined by two factors: the oxygen 
content of the blood and the blood flow (28). The binding and release of oxygen 
is determined by the conformational state of hemoglobin (28). Systemically, 
blood flow is increased by hypoxia and decreased when oxygen supply exceeds 
demand (28). These responses are thought to be mediated by changes in the level 
of NO. 

Hemoglobin is a tetramer composed to 2a and 2P subunits, with each 
subunit containing a heme. Each p subunit contains a reactive SH group at 
cysteine 93. NO has been shown to interact with both the heme and the thiol in 
hemoglobin (28). However, the binding of NO to the heme or the thiol of 
hemoglobin is dependent on the oxygen saturation ofhemoglobin (10). There are 
two conformational states of hemoglobin: the oxygenated R state and the 
deoxygenated T state. In the oxygenated R state, S-nitrosylation of the reactive 
thiol at cysteine P93 is favored whereas, in the deoxygenated T-state, NO binds 
to the heme. One of the principle interactions between hemoglobin and the red 
blood cell (RBC) is through the chloride/bicarbonate anion exchange protein 
AE1 (25). Transnitrosation ofthe reactive thiol in AE1 allows the transfer ofthe 
NO group from the P chain ofhemoglobin to that ofthe RBC membrane. Release 
of NO from this membrane by deoxygenation (R to T transition) results in 
vasodilatory activity. Thus, S-nitrosylated hemoglobin senses tissue Po 2 levels, 
and uses the allosteric transition from R to T to release NO and modify arteriolar 
tone thus matching oxygen demand to blood flow. 

7. Oxygen, Hydroxylation, and Hypoxia-inducible Factor la 

HIF-1 is a transcription factor whose activity is regulated by changes in 
the concentration of oxygen. This transcription factor is composed of two 
subunits, HIF-la and HIF-lp. HIF-la is the primary determinant of HIF-1 
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expression within the cell, whereas HIF-ip is constitutively expressed. Under 
normoxic conditions, HIF-la is normally ubiquinated and targeted for 
destruction through interactions between the oxygen-dependent degradation 
(ODD) domain of HIF-la and the tumor suppressor protein von Hippel Lindau 
(pVHL). In order for pVHL to interact with HIF-la, proline 564 must be 
hydroxylated (13, 15). This critical event is mediated through a family of iron 
(Il)-dependent prolyl hydroxylase enzymes that use oxygen as a substrate. 
Oxygen appears to be the rate limiting step for activity thus acting as a molecular 
switch. Inaddition, HIF- 1 a contains two transactivation domains responsible for 
recruiting transcriptional coactivators essential for gene expression. The C- 
terminal transactivation domain (C-TAD) operates independently of the ODD 
domain in recruiting the coactivator complexes p300/CBP under hypoxic 
conditions. Interestingly, the activity of C-TAD to recruit these coactivators is 
regulated by oxygen-dependent hydroxylation of asparagine (17); however the 
enzyme responsible for this modification has not, as of yet, been identified. It is 
interesting to note that both hydroxylation switches must be activated to fully 
induce HIF-1 . One could speculate that multiple levels ofregulation may allow 
for graded responses to small subtle changes in oxygen concentration. 

8. Summary 

Oxygen, reactive oxygen species, nitric oxide and reactive nitrogen 
species have been shown to be involved in regulating both physiological as well 
as pathological processes. The role oxygen and its derivatives in a living 
organism is dependent on the particular species formed, its concentration, 
location, and the presence of antioxidant machinery. Of course, oxygen is 
necessary in the production of energy. In addition, its derivatives play an 
important role in cellular signaling by acting as a molecular switch by altering 
ion channel activity, blood flow, and the stability of transcription factors. 
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1. Introduction 

Oxidants or free radicals were initially considered as highly reactive, 
intermediates or unstable species in chemical reactions. During the 1970’s it was 
realized that free radicals were involved in “bacterial killing” by phagocytic cells 
and radiation therapy for cancer, and that xanthine oxidase and sites in the 
electron transport chain of mitochondria were biological sources of reactive 
oxygen species (ROS). Initially, ROS were considered as cytotoxic species, and 
implicated in mediating tissue injury by virtue of their reactivity with biological 
molecules. Evidence accumulated suggesting that elevated ROS rapidly react 
with cellular lipids, proteins, and DNA, and subsequently oxidants have now 
been associated with progression of various diseases, including hypertension, 
acute lung injury, acute respiratory distress syndrome (ARDS), stroke, renal 
failure, and ischemic heart disease. However, with the exception of consideration 
of a role for hydrogen peroxide (H 2 0 2 ) in the mechanism of action of insulin, and 
in the regulation of soluble guanylate cyclase (sGC), the importance of ROS in 
biological regulation was not initially explored. After ROS, carbon-, and 
nitrogen (reactive nitrogen species; RNS)-centered radical species were detected 
in a variety of biological systems, an extensive study of their metabolic 
chemistry and physiological importance has recently begun (34-36). 

Paradoxically, ROS are generated from molecular oxygen (0 2 ) in a manner 
that is of fundamental importance for cellular regulation. Multiple roles for ROS 
and RNS in regulating intracellular signaling pathways, and modulating cellular 
and organ function have recently been recognized. We are just beginning to 
appreciate their role as second messengers in regulating signaling pathways that 
potentially modulate vascular tone, carotid body function, thrombosis, 
inflammation, ischemia/reperfusion injury, receptor function, respiration, 
metabolism, growth, as well as, cell death (15, 24, 34, 35). A growing body of 
evidence also suggests that oxidant-elicited signaling plays a potentially 
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important role as an 0 2 sensor, which subsequently activates and/or inhibits sGC, 
and ion channel pathways that participate in promoting the genesis ofpulmonary 
vasoconstriction and hypertension (33). Thus, evidence is evolving to establish 
fundamental signaling roles for ROS as primary regulators of intracellular Ca 2+ , 
membrane potential control through K + channel regulation, phospholipid 
metabolism, and cAMP and cGMP mediated regulation in physiological and 
pathological conditions. 

In this chapter, we will focus on the cellular sources of ROS and RNS 
involved in pulmonary vascular control, conditions during which ROS and RNS 
are elevated, and highlight the key cellular signaling systems regulated by ROS 
and RNS in normal and disease conditions. Furthermore, we will review the roles 
of ROS and RNS in modulating vascular smooth muscle cell (VSMC) signaling 
pathways, with an emphasis on pulmonary vascular signaling systems. 

2. Oxidants Species and their Scavengers in the Pulmonary 
Vascular System 

In the pulmonary artery, ROS are produced by all the major cell-types in the 
cytosol, mitochondria, peroxisomes, and extracellular region, which contribute 
to the local levels of each species. Although the production and metabolism of 
ROS are independent of each other and compartmentalized, transport of 
individual ROS across compartments is often possible. ROS and free radicals 
generally diffuse to all regions of the cell when their production exceeds the 
capacity of local scavenging systems. Depending upon their concentration in the 
milieu of a cell, they either trigger intracellular signaling or cause oxidative 
stress. For example, it was initially reported that escalated production of ROS 
participated in mediating acute lung injury caused by inflammatory stimuli, 
ischemia-reperfusion, and ARDS (6, 16). A potential role for ROS in pulmonary 
vascular signaling was subsequently proposed by Archer and Weir, who 
suggested that diminished ROS generation during hypoxia lead to closing of K + 
channels resulting in membrane depolarization and vasoconstriction (2). The 
detection of a H 2 0 2 -elicited relaxing mechanism in pulmonary artery (PA), 
which appeared to be mediated by stimulation of sGC through peroxide 
metabolism by catalase, was also suggested to be a mechanism suppressed by 
hypoxia (4). Recent studies have provided evidence that mitochondrial-derived 
ROS are significantly higher in the pulmonary artery smooth muscle cells 
(PASMC) as compared to the renal artery smooth muscle cells at basal 
conditions, and that these ROS can diffuse to the cytoplasm and cause 
vasodilation (19). While this study has shown that during hypoxia ROS 
generation is inhibited, others have demonstrated that ROS diffuse out into the 
cytoplasm during hypoxia and activate a cascade of signaling systems in PASMC 
leading to the hypoxic pulmonary vasoconstriction (HPV) (29). Thus, even 
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though the actual sources of ROS in PASMC is uncertain, and it is unresolved 
whether ROS levels go up or down during hypoxia at physiological levels, the 
role of ROS in regulating intracellular signaling mechanisms is currently under 
scrutiny, and is of immense importance in vascular biological processes ranging 
from physiological responses to the alterations observed in pulmonary vascular 
diseases (33-35). 

The production ofROS begins with the formation of superoxide anion (0 2 ") 
resulting from one-electron reduction of 0 2 by various oxidases (Equation 1) that 
occur in biological systems: 

0 2 - e -* 0 2 - [1] 

Vascular tissue contains copper-zinc superoxide dismutase (CuZn-SOD), a 
mitochondrial manganese form of SOD (Mn-SOD), and an extracellular SOD 
(eSOD). In addition, metallothionein is expressed in pulmonary endothelium. 
These enzymes normally scavenge and detoxify 0 2 *~. In vascular tissue, the 
levels of 0 2 ” are thought to be in the nanomolar range in the absence of SOD, 
and the presence of SOD is likely to lower 0 2 " concentrations into the picomolar 
range. However, under extreme conditions such as infection or inflammation, 
extracellular 0 2 '~ rises up to near-micromolar levels. At physiological pH, 0 2 " 
is both a free radical (because it contains an unpaired electron) and a negatively 
charged species (as a result of its pKa of 4.8). 0 2 *~ reacts with itself with a rate 
constant of 8x1 0‘ 4 mol'-L-s' 1 to form H 2 0 2 and 0 2 . SOD enzymes function to 
accelerate the removal of 0 2 ” as a result of their rate constant of 2x 1 0 9 mol' 1 'L'S' 
1 for the reaction with 0 2 " (Equation 2): 

0 2 ” + 2H + -» 0 2 + H 2 0 2 [2] 

Peroxide is either derived from 0 2 " through Equation 2, or it is directly produced 
by certain oxidases through a two-electron reduction of oxygen (0 2 ). H 2 0 2 is 
efficiently metabolized to H 2 Oand 0 2 bycatalaseandonlyto H 2 0 byglutathione 
peroxidase. Intracellular levels ofH 2 0 2 are maintained at a concentration of~l 
nM. Although the actual local extracellular levels ofH 2 0 2 are not known with 
certainty, it is reported that levels are in the 100 nM range. H 2 0 2 is a relatively 
stable species, and is not a free radical. Generally increased H 2 0 2 readily reacts 
with transition metals like ferrous iron to form highly reactive hydroxyl radical- 
like species (OH') through Haber-Weiss and Fenton type reactions (Equation 3 
and 4): 

0 2 " + H 2 0 2 -» 0 2 + HO’ + HO' 

Fe 3+ + 0 2 " -*• Fe 2+ + 0 2 Fe 2+ + H 2 0 2 -» 



[3] 

Fe 3+ + HO’ + HO' [4] 
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The highly reactive nature of OH' initiates lipid peroxidation of the cell 
membrane by initially creating lipid free radicals, as seen during ARDS (16). 
Formation of RNS through the interaction between nitric oxide (NO) and 0 2 * 
results in the production of additional reactive species. Normally, SOD prevents 
the reaction of 0 2 " and NO, as is shown in Equation 5. Because 0 2 " reacts with 
NO at a rate constant of 7 x 10 9 mol'^L’S' 1 , which is three times the rate of its 
reaction with SOD, when the levels of NO increase into the nanomolar range it 
competes with SOD for 0 2 " . This results in the production of peroxynitrite 
(ONOO- ; see Equation 5): 

0 2 " + NO — ► ONOO - [5] 

It is estimated that for every 10-fold increase in 0 2 " and NO, there is 100-fold 
increase in ONOO' formation, and ONOO' is a source of additional reactive free 
radical species such as nitrogen dioxide ('N0 2 ) (34). 

3. Sources of ROS in Pulmonary Tissue 

0 2 " is formed in lungs and can be detected on the surface of pulmonary 
tissue and isolated PA under basal conditions. Pulmonary vascular tissue 
contains multiple oxidases whose expression and activity is highly regulated 
(Table 1). Pulmonary endothelial cells, PASMC, and macrophages generally 
have major 0 2 " producing enzymes; vis-a-vis NAD(P)H oxidase, which contain 
b 5Jg -type cytochromes and subunits resembling the phagocytic cell NADPH 
oxidase system are present in the vascular tissue. For example, there is evidence 
for presence of p22 phox , p47 phox , p67 phox and homologues of the NOX-2 (gp9\ phox 
subunit), currently termed NOX-1 andNOX-4 (10). In calfPASMC from small 
diameter PA, this enzyme is active under basal physiological conditions and 
there is evidence showing that it is activated under hypoxia (6, 33). 

In contrast to the phagocytic oxidase, which uses NADPH for a co-factor, the 
PASMC generates significant levels of 0 2 " through the action of a microsomal- 
bound NADH oxidoreductase (22). Xanthine dehydrogenase, another NAD(P)H- 
dependent enzyme, is also present in the pulmonary endothelial cells, and is 
major source of 0 2 ", during prolonged hypoxic conditions (6). Other proteins, 
like NO synthase (NOS), cytochrome P450, cyclooxygenase appeal' to be minor 
sources of 0 2 " under baseline physiological conditions. Previously discussed 
studies (2, 19, 29) suggest that the mitochondrial electron transport chain is an 
important P0 2 -regulated source of ROS in pulmonary tissue. Many receptor- 
linked regulatory mechanisms are capable of activating 0 2 " production through 
the oxidases present in the vessel wall (See Table 1). 
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Table 1. The Sources of 0 2 " in Pulmonary Artery and Their Stimulators 

Sources of 0 2 " Cell types Stimulators 



NAD(P)H oxidase-NOXl, 
NOX2, and NOX4 



Xanthine oxidase 
Mitochondria 
Nitric oxide synthase 

Cyclo-oxygenase 

Cytochrome P450 



Endothelium, 

Vascular smooth muscle, 
fibroblasts 

Endothelium 
All cell types 
Endothelium, 
Mitochondria, 

Vascular smooth muscle 
Endothelium 



Endothelium 



A-II, endothelin-1, TNFa, 
TxA 2 , Overexpression of NOX 
and P 22 p *“' 

AP0 2 

Hypoxi a-reoxy genation 
APOj, apoptotic stimuli? 
Endothelial activation, 

Loss of L-arginine, 

Deficiency of 
tetrahydrobiopterin 
Arachidonic acid release, 
Increase in peroxide tone 
Endothelial activation? 



4. Regulation of the Pulmonary Vascular Signaling System by 
ROS and RNS 

Cells are normally protected from the cytotoxic effects of 0 2 '~ by SOD, but 
when elevated, 0 2 * can either be dismutated to produce H 2 0 2 , or it can interact 
with NO to produce ONOO" . An over production of free radicals exert cytotoxic 
effects, but these oxidants species can also interact with cell-control mechanisms 
and potentially contribute to signaling processes. As shown in the Figure 1, 
certain signaling systems are very sensitive to low levels of 0 2 ‘ and H 2 0 2 
normally produced by cells, and these mechanisms are likely to participate in 
physiological regulation. In addition, other signaling systems activated by 
conditions generating higher levels of oxidants are generally associated with the 
mechanisms contributing to pathophysiological processes and cellular responses 
to oxidative stress. 

Mechanical changes can influence 0 2 " production. For example, alterations 
in the shear stress caused by increased blood flow promote endothelium-derived 
0 2 " generation in the pulmonary circulation (6). Local levels of 0 2 ’~ are also 
elevated during lung injury or distress conditions by an imbalance between its 
rate of formation and its rate of removal via SOD. When the concentrations of 
or rise over the nanomolar concentration range, it directly interacts with 
catecholamines (including the neurotransmitter norepinephrine and the hoimone 
epinephrine) and NO, which inactivates the bioactivity of these mediators. 0 2 ‘" 
inhibits vascular relaxation to H 2 0 2 , which may be a result of 0 2 ‘~ inhibiting the 
activity of catalase. 0 2 ” inactivates glutathione peroxidase by oxidizing selenium 
and aconitase by interacting with iron-sulfur center in the enzyme resulting in 
increased oxidant stress and an impairment of mitochondrial function. Increased 
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levels of 0 2 ’" reductively release iron from the iron-sulfur centers and from 
ferritin, and the reaction of the released iron with other ROS and RNS result in 
the modulation of other signaling processes or in the initiation of tissue injury. 
Signaling systems most sensitive to changes in intracellular levels of H 2 0 2 are 
linked to the metabolism of H 2 0 2 by cyclooxygenase, catalase and GSH 
peroxidase. Accumulating evidences suggest that H 2 0 2 increases the levels of 
oxidized GSH and promotes S-thiolation of proteins (disulfide formation of 
protein thiols with GSH) that relays intracellular signaling (6, 34-36). A new 
concept is that endothelium cytochrome P450-derived H 2 0 2 may function to 
open K + channels and induce relaxation through hyperpolarization of the 
underlying VSM cells through gap junctions. 



O, 



L-Argininc 

\ 




Figure 1. A schematic representation of the interactions of radicals, oxidants and redox changes 
with the signaling systems. Question marks indicate that the final pathway that changes the 
channel activity is still uncertain. 



It is now well established that endothelium- and perhaps other sources such 
as smooth muscle- and mitochondrial-derived NO play pivotal roles in the 
regulation of pulmonary circulation (3, 17, 25). As such, NO is critically 
important in modulating pulmonary vascular function and inhibiting pulmonary 
vascular remodeling. NO induces relaxation of PA through activation ofsGC- 
cGMP pathway and opening of big conductance calcium-activated K + channels 
(1). It has also been proposed that NO potentiates the Ca 2+ uptake through 
sarcoplasmic reticulum (SR) Ca 2+ -ATPase and promotes cGMP-independent 
relaxation of bovine PA under hypoxic conditions (21). In contrast to mi cromolar 
concentrations of H 2 0 2 which stimulate the release of endothelium NOS-derived 
NO, 0 2 ‘- destroys NO, antagonizes endothelium-dependent relaxation, and has 
been reported to promote contraction of PA due to the formation of ONOO". 
High levels of ONOO' are cytotoxic, but low concentrations of ONOO" may 
participate in signaling-like mechanisms including PA relaxation, the inhibition 
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of catalase and H 2 0 2 -elicited cGMP-mediated relaxation of PA, protein tyrosine 
nitration that may interfere with phosphorylation/dephosphorylation signaling 
pathways or alter protein functions, and based on studies in skeletal muscle it 
nitrosylates and inhibits the activity ofSR Ca 2+ -ATPase. Therefore, it is plausible 
that P0 2 governs the oxidative state ofNO and modulates the action(s) ofNO on 
the control of intracellular Ca 2+ homeostasis, which ultimately regulates 
vasomotor tone and blood flow that participate in circulatory P0 2 -elicited 
responses. Thus conditions that promote ONOO" formation could influence both 
acute blood flow responses linked to changes in Po 2 , and the evolution of 
pulmonary vascular disease. 

The sGC-derived second messenger cGMP is a key regulator of vascular 
relaxation. Both exogenously and endogenously produced NO and H 2 0 2 promote 
relaxation through cGMP-mediated pathways. The H 2 0 2 appears to activate sGC 
by two different pathways (Figure 1): i) H 2 0 2 stimulates the production ofNO 
by NOS in endothelium, and ii) vascular smooth muscle sGC activity is also 
increased by a mechanism involving the metabolism of H 2 0 2 by catalase. 
Stimulation of sGC by the metabolism of peroxide by catalase occurs at high 
picomolar to low nanomolar concentrations ofH 2 0 2 and it promotes relaxation 
of the PA without changes in GSH redox (34). However, the specific pathways 
through which H 2 0 2 and cGMP cause relaxation of pulmonary arteries remain 
to be defined. No one has yet studied in detail the role of ROS or RNS in 
modulating the protein kinase G pathway (cGMP-dependent protein kinase), 
although preliminary results have suggested that RNS and hypoxia may 
modulate protein kinase G activity in PASMC (25). Both OH* and 0 2 *~ inhibit 
the stimulation of sGC by either NO or H 2 0 2 (34). In fact endogenously 0 2 *’ 
generated originating from NADH oxidase inhibits sGC in bovine PA after 
inactivation of Cu-Zn SOD with diethyldithiocarbamate by impairing NO- 
elicited relaxation (34, 36). Thus, ROS have several mechanisms through which 
they can control the activity of sGC and relaxation of blood vessels mediated by 
cGMP. 

Vascular phospholipases, including PLA 2 , PLC, and PLD, are stimulated by 
ROS. Although the signaling pathways elicited by ROS, which control the 
activity of phospholipases, are not well understood, there is evidence that 
cytosolic PLAj is stimulated by H 2 0 2 in endothelial cells via phosphorylation by 
tyrosine kinase-, mitogen-activated protein kinase (MAPK)-, and protein kinase 
C (PKC)-dependent pathways (34). Low levels of H 2 0 2 and ONOO’ stimulate the 
activities of lipoxygenase and cyclooxygenase enzymes, in contrast high levels 
of H 2 0 2 have been suggested to inactivate cyclooxygenase and prostacyclin 
synthase, and increase thromboxane synthesis (13). The pulmonary 
vasoconstriction in pig and rabbit lungs caused by 0 2 ‘" appears to be mediated 
by thromboxane, leukotrienes, and prostaglandins (6). Additionally, NO and 
ONOO' potentially interact with and regulate the activities of the heme-iron 
containing cytochrome P450, and the levels of 20-HETE production, which is 
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a dilator of human PA that causes a prominent inhibition of vasoconstriction in 
lungs elicited by hypoxia (38). 

Observations demonstrating the potential importance of oxidant regulation 
of ion transport mechanisms are slowly accumulating. It has been shown that 
elevated levels ofH 2 0 2 cause K + channel-dependent relaxation ofVSM (19, 33, 
37). Although the actual relationship between ROS or RNS and the function of 
cellular ion channels are not well characterized, evidence exists for the potential 
importance of several processes. A cysteine moiety in the a- or P-subunit of 
plasma membrane K v channels have been shown to control the opening and 
closing of access to the channel by a “ball and chain” mechanism, thereby 
regulating channel activity. It has been shown that oxidation of the cysteine thiol 
group by ROS or RNS results in the opening of voltage-gated K + channels, 
namely K v l.l, K v 1.4, K v 1.5, and K v 2.1, leading to hyperpolarization of the 
plasma membrane and relaxation of PA. Likewise, there are reports suggesting 
that Ca 2+ -regulated K + channels mediate the vasodilation elicited by ROS in the 
rat pulmonary circulation (32, 33, 37). Oxidation of thiol molecules on the a,- 
subunit of L-type Ca 2+ channel protein by ROS or oxidizing agents also 
inactivates these channels by modulating voltage-gating and the influx of Ca 2+ 
currents, which would result in relaxation of VSMC. Conversely, inward Ca 2+ 
currents through non-specific cationic channels are increased due to oxidation 
of thiol groups on the channel proteins by free radicals. Other signaling 
mechanisms that are regulated by radical species, such as cAMP- and cGMP- 
dependent processes, control the function of ion channels in protein kinase- 
dependent or -independent manner. As 0 2 '" modulates Na + /H + antiport and 
Na + /K + pump activity in cultured pulmonary artery endothelial cells (6), an 
alteration in ion pump activity could potentially regulate the ion channels on the 
plasma membranes of these cells. Furthermore, L-type Ca 2+ channels are 
indirectly activated by phosphorylation of the channel protein through PKC, 
which is known to be stimulated by ROS, and this could cause an increase Ca 2+ 
influx and VSMC dysfunction. 

The mechanisms that control the uptake and/or release of SR Ca 2+ are also 
sensitive to oxidants. 0 2 ” appears to inhibit the breakdown of inositol 1,4 ,5- 
triphosphate and promote the release ofCa 2+ from the SR of bovine VSMC. In 
contrast, although high levels of 0 2 *’ and H 2 0 2 selectively disrupt SR Ca 2+ - 
ATPase possibly through the irreversible oxidation of thiol groups or by directly 
attacking the ATP-binding sites, and there is evidence suggesting that 0 2 ” 
augments the up-take ofCa 2+ into the SR ofbovine PASMC (6, 36). Thus, ROS 
induce different effects on the activity of cation channels, which produces 
diverse responses in VSMC. To add to this complexity arachidonic acid derived 
from phospholipid breakdown, prostaglandins derived from cyclooxygenase, and 
15- and 20-HETE derived from cytochrome P450 following stimulation by ROS 
or RNS are also potent modulators of ion channel activity. As multiple vascular 
ion channels are potentially controlled by variety of redox- and oxidant-linked 
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mechanisms, this could likely be the origin of diverse responses of different 
vascular beds to ROS or RNS. 

Redox status of cytosolic NADP(H), NAD(H), and GSH are tightly 
controlled in vascular and non- vascular cells, and changes in the redox status of 
these systems are also potentially linked to controlling the expression of redox- 
regulated signaling mechanisms. It is currently thought that NADPH and GSH 
are major reducing systems in cells, and that the majority of cytosolic NADPH 
is maintained in its reduced form by the pentose phosphate pathway. Recent 
reports suggest that loss of control of NADPH/NADH/GSH redox potential, 
which is generally associated with ROS metabolism, is one of the important 
mediators of signaling systems in blood vessels. An example of this mediation 
are observations that the elevation of NADP + /NAD + /GSSG in pulmonary and 
aorta VSMC opens K + channels and attenuates the release ofCa 2+ from the SR 
associated with causing relaxation of PA and aorta (11). These redox changes 
may affect ion channel activities by GSSG-mediated S-thiolation of the channel 
protein or by direct interaction of NADP + /NAD + with recently discovered 
nucleotide-binding sites on the K v 1 .4 channel protein (23). Loss of NADPH also 
inactivates L-type Ca 2+ currents in cardiac myocytes and suppresses myocardial 
contractility (12). In addition, NADPH-linked oxidoreductase systems are 
involved in the synthesis of NO and in preventing the oxidation of the heme 
and/or thiols on sGC, inactivating sGC and blocking cGMP-mediated NO- 
elicited relaxation of pulmonary vessels. NAD(H) redox has also been implicated 
in the control of 0 2 * production through its role as a substrate for NADH 
oxidase and interactions with several signaling pathways (34, 36). Thus, the 
redox status of NADP(H), NAD(H), and GSH is likely to have a major influence 
on the function of multiple oxidant-associated signaling mechanisms, which 
regulate vascular function. Imbalances in these redox systems are now emerging 
as factors, which have serious consequences on the signaling pathways that 
control vasomotor tone, and alterations in these systems maybe a formidable 
cause of dysfunction in various pulmonary vascular diseases. 

Multiple components ofprotein phosphorylation cascades are altered by ROS 
and RNS. Modification of an essential thiol at the catalytic site of tyrosine- 
specific protein phosphatases by either ROS or RNS appears to inhibit the in 
phosphatase activities, and as a consequence, tyrosine kinase -related signaling 
pathways becomes activated (34). Thus, the stimulation of tyrosine 
phosphorylation by H 2 0 2 activates most forms of PKC in a diacylglycerol- 
independent manner that leads to stimulation of numerous PKC-dependent 
vascular signaling pathways. ROS also activate the various MAPK systems that 
can potentially regulate vascular force generation, proliferation, and adaptive 
responses to injury (34). In pulmonary arteries, PKC has been reported to 
mediate vasoconstriction caused by increased 0 2 ’" (6). Interestingly, a recent 
study suggested that H 2 0 2 -induced activation of p42/p44 MAPK mediates the 
force generation of previously stretched PA (36). The p42/p44 MAPK pathway 
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has been shown to stimulate a receptor-activated Ca 2+ -independent contractile 
response in VSMC through the phosphorylation ofcaldesmon (7). Thus, ROS 
and RNS have multiple ways of interacting with processes that modulate the 
Ca 2+ -sensitivity of the contractile apparatus, and augment phosphorylation of 
myosin light chains. The phosphorylation of proteins involved in the mitogenic 
processes, which are normally activated by receptor-regulated signaling systems, 
are also generally enhanced by ROS (24, 34). Some of the important interactions 
of ROS with signaling pathways that are potentially involved in regulating PA 
function during HPV are discussed in the following sections. 

5. Role for ROS and RNS in Hypoxic Pulmonary 
Vasoconstriction and Pulmonary Hypertension 

For over one hundred years, it has been known that during hypoxia or low 
P0 2 the systemic arteries dilate to supply more oxygen to the deprived organ, 
however, on the contrary the pulmonary arteries constrict to balance the ratio of 
perfusion to ventilation. This phenomenon is generally termed as acute hypoxic 
pulmonary vasoconstriction. If HPV is prolonged it leads to pulmonary 
hypertension (PH). PH is characterized by pulmonary arterial vasoconstriction 
and remodeling. Under physiological conditions, the pulmonary arterial 
circulation is a high-compliance, low-pressure, low-resistance system, which 
carries blood into pulmonary microcirculation for gas exchange. Pulmonary 
artery pressure varies with age, from early childhood to the sixth decade of life, 
where the upper limit of normal pulmonary arterial pressure is regarded as 20 
mmHg. Based on this observation, PH generally is defined as a mean pulmonary 
artery pressure greater than 25 mmHg at rest or 30 mmHg during exercise. 
Details of PH have been discussed in other chapters; hence we will overview the 
roles of oxidants in regulating HPV and PH in the next section. 

Although the mechanisms responsible for the opposite responses of systemic 
and pulmonary blood vessels to lowering ofPo 2 are still not clearly understood, 
several working hypotheses have been proposed. Changes in the metabolism, 
loss of autacoids synthesis, and alterations in the ion channel activity has long 
been considered as a cause of HPV and development of PH (17, 33). As depicted 
in Figure 2, studies have suggested that generation in PASMC of oxidase- or 
mitochondrial-derived ROS also play a role in sensing 0 2 tension and in the 
genesis ofHPV (33). While the production ofROS in most arteries ceases during 
hypoxia or graded changes in Po 2 tension, a few studies have shown that 
mitochondrial-derived ROS generation detected by dichlorofluorescein diacetate 
method is paradoxically elevated in the PASMC, thus facilitating rise in the 
[Ca 2 l levels, which elicits PA contraction (29, 30). In contrast, a recent study 
has demonstrated that basal high level of ROS in normoxic condition is 
significantly reduced in the PA during hypoxia, while it is elevated in the renal 
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artery (19). As ROS levels in the cytosol appear to regulate the gating of K v 
channels (32, 37), it has been proposed that loss of mitochondrial-derived ROS 
production during hypoxia blocks the outward K v 1.5 currents and causes an 
increase in [Ca 2+ ]j in PASMC thereby contracting the PA under low Po 2 
conditions (19). Furthermore, inhibition of mitochondrial metabolism by 
dichloroacetate prevents and reverses PH by restoring expression and function 
of K v 2. 1 channels (20). Inhibition of another glucose metabolic pathway, namely 
the pentose phosphate pathway, has also been shown to prevent HPV and PH by 
opening K v channels (11). 
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Figure 2. Scheme showing the three main proposed hypothesis for redox mechanisms involved 
in the development of acute hypoxic pulmonary vasoconstriction (HPV) that are currently under 
investigation. Although all three hypotheses propose a role for changes in cytosolic hydrogen 
peroxide [H 2 OJ c or superoxide [0 2 '~] c derived from either mitochondria or cytosolic NAD(P)H 
oxidase, the downstream signaling pathways that affects force generation are not yet clearly 
understood. 

Besides the regulation of K + channel activity, changes inPo 2 also inactivate 
the L-type Ca 2+ channels in VSMC, which critically contributes to the local 
regulation of systemic circulation (9). In small PA, hypoxia elicits contraction 
by a mechanism which increases Ca 2+ conductance (14). However, a direct 
evidence for Po 2 modulating voltage-gated Ca 2+ channel activity in PASMC 
indicates longitudinal differences in Ca 2+ channel density and 0 2 sensitivity in 
myocytes from proximal and distal PA. For example, Ca 2+ channels from 
proximal PA myocyte close and distal PA myocyte open to reduction in P0 2 (9). 
Although the role of NAD(P)H oxidase-derived ROS in P0 2 sensing and 
regulation of PA tone is uncertain, 0 2 ’- produced by non-phagocytic NAD(P)H 
oxidase during prolonged hypoxia appears to contribute to the constriction of PA 
in rabbit lungs (33). On the contrary, NADH oxidase-derived H 2 0 2 has been 
shown to be increased in normoxia relative to hypoxia, and to cause PA 
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relaxation through an increase in cGMP (4, 22, 35). Whereas, studies on gp9 \ phox 
knockout mouse indicate that the phagocytic NAD(P)H-oxidase does not appear 
to be an important regulator of pulmonary vascular function (33). The role of 
other NOX-type NAD(P)H oxidases have not yet been examined. Prolonged 
hypoxia also activates xanthine oxidase and this activation is a cause for 
increments in 0 2 *" levels in the PA (6). Since ROS generation and PKC 
activation, the latter being stimulated by oxidants, have been reported to occur 
simultaneously during hypoxia (6), this implies that PKC may also be involved 
in initiating HPV through various mechanisms including activation of L-type 
Ca 2+ channels. 

As discussed above, redox changes and through their influence on ROS 
interactions with NO, the regulation of prostaglandins and endothelin-1 
synthesis, the modulation of the activation states ofK v and Ca 2+ channels, and 
the control of Ca 2+ pump activity by ROS, are able to regulate processes 
including Ca 2+ homeostasis, vascular tone and development of HPV. Loss of 
endothelial NO production in lungs and isolated PA has been associated with the 
development ofHPV (17). Conditions that elevate the production of0 2 ’~, such 
as hypoxia, may inactivate NO in pulmonary vascular tissue associated with 
ONOO’ formation and result in oxidant stress including decreased intracellular 
glutathione levels (25). Besides scavenging NO (which inhibits vascular 
remodeling), ROS and RNS may deactivate K + channels and activate hypoxia 
inducible factor (HIF) (28), both of which are well known to participate in cell 
proliferation and growth. Additionally, endothelin-1 stimulates PASMC 
proliferation through induction of 0 2 ’"undcr conditions that increase NAD(P)H 
oxidase activity (31). Therefore, ROS can further participate in offsetting cell 
proliferation and apoptosis processes, and promote the remodeling ofVSM and 
progression of PH (Fig. 3). 

6. Regulation of Pulmonary Vascular Remodeling by ROS and 
RNS During Pulmonary Hypertension 

ROS and RNS are capable of mediating gene and protein expression through 
the regulation of transcript factors (e.g., nuclear factor-xB and activator protein- 
1) and many additional mechanisms. Although it is beyond the scope of this 
chapter to describe or discuss all the intracellular signaling mechanisms involved 
in triggering gene expression, examples of recent hypotheses are considered in 
this section and illustrated in Figure 3. Both 0 2 " and H 2 0 2 activate tyrosine 
protein kinases, which subsequently stimulate MAP kinases and phospholipase 
Cy, and ultimately alter gene expression mediated by the activation of several 
transcription factors in the nucleus. Other recent theories suggest that Po 2 - 
sensitive proteins appear to contain specific regions called PAS domains. These 
regions are sites that potentially sense changes in Po 2 or ROS formation. ROS 
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generation and lowering ofP0 2 modifies the configuration of PAS domains, 
which facilitate dimerization of the proteins and their translocation to the nucleus 
where they up-regulate gene expression. For example, FIIF, a PAS protein, 
senses lowering of P0 2 or ROS, and it subsequently translocates into the nucleus 
and induces expression of the VEGF gene in pulmonary tissue (27, 28). The 
absence of FIIF and VEGF results in development of a respiratory distress 
syndrome that leads to premature death of neonatal mice, and impairs the 
proliferation of PASMC during hypoxia (5, 26). There is evidence that voltage- 
sensitive K + channels also possess the PAS domain and, therefore, are able to 
detect Po 2 changes (28). However, their roles in cell physiology during hypoxia 
have not yet been completely elucidated and needs further examination under 
conditions that promote PH. 
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Figure 3. Roles for reactive oxygen species (ROS) and oxidant processes in poorly understood 
pathways that maintain the delicate balance between cell gene expression, growth, and apoptosis. 

Other examples of up-regulated gene expression by redox or ROS signaling 
are: adhesion proteins, antioxidant enzymes, NOS, receptors, and many 
respiratory adaptations to hypoxic environments. ROS and RNS can also 
influence the growth and death of cells through a variety ofmechanisms. Cellular 
release of ROS is now know to serve as an intercellular messenger to stimulate 
proliferation via mechanisms common to natural growth factors. For example, 
growth factors appeal - to activate Akt/protein kinase B pathways through oxidant 
mechanisms and initiate cell division. 0 2 " seems to mediate the downstream 
effects of Ras and Rac in non-phagocytic cells, and it contributes to the 
unchecked proliferation of Ras-transformed cells (15). 

Recent evidence also indicates a role for0 2 ” andH 2 0 2 in the control ofVSM 
proliferation both in vitro and in vivo (10). As increased ROS production and 
PKC and MAPK are activated coincidentally in acute and chronically hypoxic 
pulmonary tissues, it might be appropriate to suggest a hypothesis that these 
pathways may converge to promote mitogenic activities leading to pulmonary 
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vascular remodeling. Cytosolic Ca 2+ concentration is another critically important 
factor that controls cell proliferation and cell cycle progression of pulmonary 
cells (18). Thus, there is a possibility that changes in intracellular Ca 2+ levels 
initiated by ROS in PASMC in hypoxic conditions might be involved in 
promoting cell proliferation and remodeling during progressive PH. Oxidative 
stress has been shown to mediate hormone-induced hypertrophy, and under some 
circumstances to induce apoptosis. Studies have indicated that apoptosis 
contributes to postpartum arterial remodeling in the neonatal lamb. Furthermore, 
it has been reported that apoptosis of VSM cells is regulated by p53-dependent 
and -independent pathways (36). Although the mechanisms involved in the 
oxidant-induced apoptosis of VSM cells are still not clearly understood, it is 
quite possible that K + channels, which have been shown to promote apoptosis 
(18), could be one ofthe pathways that mediates apoptotic cell death ofPASMC 
induced by ROS. Since overproduction ofROS and RNS triggers apoptotic cell 
death, ROS levels appear to be very critical in keeping a delicate balance 
between cell proliferation and apoptosis, a slight change in the ROS production 
may control vascular remodeling. For example, since K + channels, which are 
regulated by ROS (32), promote apoptosis under normal circumstances, changes 
in ROS production and down-regulation of K + channel or up-regulation of 
MAPK/JNK activities during hypoxia may in turn be a primary cause of cell 
proliferation and initiation of pulmonary artery remodeling leading to PH. 

7. Concluding Remarks 

ROS and RNS are emerging as important second messenger signaling 
molecules that participate in vital intracellular signaling pathways and cellular 
communication systems. Their active prominent interaction with NO and 
prostaglandins pathways, and ion channels and pumps that regulates a variety of 
signals in VSMC makes them potential mediators in HPV and attractive 
candidates in the pathogenesis ofPH. A future direction is to precisely elucidate 
the pathways used by ROS to control in pulmonary vascular function, adaptation 
and pathology, in order to develop novel therapeutic approaches to treat PH. 
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1. Introduction 

An acute decrease in alveolar oxygen ( 0 2 ) tension causes reversible hypoxic 
pulmonary vasoconstriction (HPV), an adaptive mechanism for diverting blood 
flow from poorly ventilated to better- ventilated regions of the lung to improve 
ventilation-perfusion matching. Significant advances have been made in 
determining the oxygen dependence of HPV in intact animals, isolated lungs, and 
pulmonary arterial rings. Recent studies using isolated pulmonary arterial smooth 
muscle cells (PASMCs) indicate that hypoxia directly causes membrane 
depolarization, increased intracellular Ca 2+ concentration ([Ca 2+ ]j), and cell- 
shortening (30). 

In contrast to the acute adaptive response to hypoxia, prolonged exposure to 
decreased oxygen tension results in pulmonary hypertension that is characterized 
by smooth muscle cell proliferation, intimal thickening, and extension of smooth 
muscle into previously non-muscular arterioles (38) The vascular remodeling 
that occurs during exposure to prolonged hypoxia is linked to a transcriptional 
increase in a variety of genes including endothelin-1 (ET-1) and serotonin 
transporter (5-HTT) (8, 21). Despite extensive characterization of the structural 
and functional changes that occur in pulmonary arteries in response to hypoxia, 
the precise cellular mechanism of 0 2 sensing underlying cell contraction 
resulting in HPV or the increase in gene expression resulting in pulmonary 
arterial smooth muscle cell (PASMC) hypertrophy remain poorly understood. 
There are several proposed mechanisms for 0 2 sensing, some of which are 
related to changes in reactive oxygen species (ROS), while others are 
independent of changes in ROS. This chapter focuses on the role of 
mitochondrial ROS as signaling molecules in regulating both HPV and 
pulmonary remodeling. 
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2. Hypoxia Augments Mitochondrial Reactive Oxygen Species 

During mitochondrial respiration under normal oxygen conditions, 0 2 is 
chemically reduced to water by the transfer of four electrons at cytochrome 
oxidase. The resulting free energy change is conserved in the form of ATP 
synthesis. It has been estimated that 2-3% ofthe 0 2 consumed by mitochondria 
is incompletely reduced, yielding ROS (4). Univalent electron transfer to 0 2 
generates superoxide, a modestly stable free radical anion. Superoxide can 
potentially be generated at a number of different sites, including complex I, the 
ubisemiquinone site of complex 111, and other electron transfer proteins (31). 
ROS do not appear to be generated by cytochrome oxidase itself, due to the high- 
affinity kinetic trapping of0 2 at thebinuclear center, which occurs while the four 
electrons are sequentially transferred. The superoxide generated during the Q- 
cycle within the mitochondrial electron complex III (bcl complex) is considered 
the main site of ROS generation within the electron transport chain (Figure 1). 
The Q-cycle involves the transfer of two electrons to ubiquinone from complex 
I or complex II resulting in the reduction of ubiquinone to ubiquinol. 
Subsequently, ubiquinol oxidation requires donation of two electrons: the first 
electron transfer is to the iron-sulfur centers and cytochrome cl resulting in the 
oxidation of ubiquinol to ubisemiquinone. This reaction is inhibited by 
myxothiazol. The second electron is transferred to cytochrome b and results in 
the oxidation of ubisemiquinone to ubiquinone. This step is inhibited by 
antimycin A. The oxidation of ubisemiquinone to ubiquinone is the main site of 
ROS generation during the Q-cycle. The availability of 0 2 , the reduction state of 
the electron carriers, and the mitochondrial membrane potential determine the 
ability of electron transport chain to generate superoxide. 

Recent data suggest that hypoxia increases the generation of ROS within 
mitochondria. Using fluorescent dyes to detect an oxidative signal, we initially 
studied the oxidation of 2', 7'-dichlorofluorescin (DCFH) in cardiomyocytes and 
Hep3B cells under controlled 0 2 conditions (5, 7). The cells were studied in a 
flow-through chamber maintained at 37°C on an inverted microscope. The 
perfusate was bubbled with different 0 2 concentrations in a water-jacketed 
equilibration column mounted above the microscope stage and was delivered to 
the chamber via a short length of tubing. The reduced diacetate form ofthe dye 
DCFH was continually present in the medium (5 pM). Oxidation ofthe dye 
within the cell yields the fluorescent compound 2',7'-dichlorofluorescein (DCF), 
which was detected with a 12-bit digital cooled charge-coupled device camera. 
In the absence of dye, no fluorescence can be detected. After addition of dye to 
the medium, evidence of cell fluorescence is detected within a few minutes. Dye 
oxidized outside of the cell, or dye oxidized within the cell that leaks out, is 
carried away in the perfusate flow. Under steady-state conditions, cellular 
fluorescence reflects a balance between the rate of oxidation of DCFH in the cell 
and the rate at which oxidized dye escapes and is carried away. Paradoxically, 
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oxidation of DCFH increased as the 0 2 concentration was decreased from 
normoxic levels (16% 0 2 ), with minimal effect seen at 8% and amaximal effects 
observed at 1% 0 2 . Within minutes of decreasing the 0 2 concentration, 
intracellular fluorescence increased, reflecting an increase in the rate of dye 
oxidation. On return to normoxia, fluorescence decreased as the rate of escape 
of oxidized dye exceeded the rate of dye oxidation in the cell. The increase in 
DCFH oxidation can be prevented by ebselen, a synthetic glutathione peroxidase, 
and by diethyldithiocarbamate(DDC), a cytosolic inhibitor of Cu,Zn superoxide 
dismutase (SOD). Ebselen and DDC prevent the cytosolic formation of hydrogen 
peroxide (H 2 0 2 ) indicating that the increase in DCFH oxidation during hypoxia 
is primarily occurring by H 2 0 2 production. 




Figure 1. In the electron transportchain, ubisemiquinone appears to be a major site of superoxide 
generation because of its predisposition for univalent electron transfer to 0 2 . Electron transport 
inhibition with rotenone (complex I) or myxothiazol limits the generation of superoxide by 
attenuating the formation of ubisemiquinone whereas antimycin A, an inhibitor of complex III, 
augments superoxide generation by increasing the lifetime of ubisemiquinone. 

The potential role of mitochondria as a source of ROS generation has been 
examined by oxidation of DCFH in the presence of electron transport chain 
inhibitors (Fig. 1). Both rotenone or myxothiazol prevent the increase in 
oxidation of DCFH during hypoxia. Rotenone inhibits complex I while 
myxothiazol blocks electron transfer to the Rieske iron-sulfur center within 
complex IIL In contrast, antimycin A, which inhibits the oxidation of 
cytochrome b 562 at complex III, augmented the increase in the oxidation of 
DCFH. Thus, inhibitors that block electron transfer upstream from that site 
(rotenone, myxothiazol) tend to prevent the formation of ubisemiquinone and 
thereby diminish ROS generation. Mitochondrial inhibitors that act at more 
downstream sites (antimycin, cyanide) tend to augment ROS generation by 
increasing the generation of ubisemiquinone. Further evidence of mitochondria 
as a source of oxidant production during hypoxia comes from the observation 
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that 4'-diisothiocyanatostilbene-2,2'-disulphonic acid (DIDS) abolishes the 
oxidation ofDCFH during hypoxia. DIDS blocks anion channels in both inner 
and outer mitochondrial membranes, thereby preventing the leakage of 
superoxide from mitochondria into the cytosol. 

The pharmacological inhibition of the electron transport chain has been 
confirmed using p° cells, a functional mitochondria-deficient cell line. Rapidly- 
dividing cells can be mutated into a p° state by incubation with ethidium 
bromide, which inhibits the replication ofmitochondrial DNA that is required for 
critical subunits of certain mitochondrial electron transport complexes and for 
part of the F 0 F 1 ATP synthase. The p° cells are therefore incapable of supporting 
mitochondrial respiration or oxidative phosphorylation. Survival and growth of 
p° cells requires glycolytically-derived ATP. Because p° cells lack mitochondrial 
electron transport, they cannot generate mitochondrial ROS. In p° HepSB cells, 
hypoxia failed to stimulate oxidative signaling, as evidenced by an absence of 
DCFH oxidation. Based on studies using both mitochondrial inhibitors and p° 
cells, we conclude that hypoxia stimulates superoxide production at the 
ubisemiquinone site. Subsequently, superoxide enters the cytosol by anion 
channels where it is converted into H 2 0 2 by cytosolic Cu,Zn superoxide 
dismutase. 

After our initial observations in HEP3B cells and cardiac myocytes on DCFH 
oxidation, Gillespie and colleagues demonstrated that primary cultures of rat 
main PASMCs increased DCFH oxidation during hypoxia (19). Hypoxia- 
induced DCF fluorescence was attenuated by the addition of the antioxidants 
dimethylthiourea and catalase. Recently, we also demonstrated that rat PASMCs 
acutely exposed to hypoxia exhibit a marked increase in intracellular DCF 
fluorescence suggestive of an increase in ROS (34). Myxothiazol attenuated the 
increase in DCFH oxidation during hypoxia, implicating the mitochondrion as 
a major source of oxidant production in PASMCs under hypoxic conditions. 
Thus, a variety of mammalian cells including PASMCs exhibit an increase in 
ROS during hypoxia. 

3. Mitochondrial Reactive Oxygen Species are Required and 
Sufficient to Elicit Hypoxic Pulmonary Vasoconstriction 

HPV occurs mainly in the small distal pulmonary arteries. Recent studies 
have indicated that acute hypoxia selectively inhibits voltage-gated K + channels 
(K v ) (3). This results in membrane depolarization, opening of L-type voltage- 
dependent Ca 2+ channels, and elevation of [Ca 2+ ]j. An increase in [Ca 2+ ], causes 
calmodulin-mediated activation of myosin light chain kinase, actin-myosin 
interaction, and contraction. Voltage-gated Ca 2+ channels provide a major influx 
pathway for the increase in [Ca 2+ ]j. An alternative model proposes that the initial 
release of Ca 2+ occurs from sarcoplasmic reticulum (SR) (10, 25). In this model. 
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hypoxia causes the release of Ca 2+ from intracellular stores, causing an inhibition 
of K v channels, membrane depolarization, and opening of L-type voltage-gated 
Ca 2+ channels. Clearly, an elevation in [Ca 2+ ] ; , iiTespective of the source, is 
responsible for the contraction. How decreases in oxygen tension are detected 
and coupled to an increase in Ca 2+ is not fully understood. 
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Figure 2. Hypoxia increases the generation of mitochondrial superoxide at the ubisemiquinone 
site. Subsequently, the superoxide escapes mitochondria into the cytosol via anion channels. In 
the cytosol, superoxide is converted to hydrogen peroxide, which is sufficient and required for 
the hypoxia-induced [Ca J+ ]j increases in PA myocytes 



We have proposed that mitochondria serve as oxygen sensors by increasing 
superoxide production within complex III of the electron transport chain during 
hypoxia in PASMCs (34, 35). The increase levels in mitochondrial superoxide 
production results in efflux of this anion into the cytosol through anion channels 
localized on both inner and outer mitochondrial membranes. Subsequently, the 
superoxide is converted to hydrogen peroxide which is sufficient and required 
to elevate [Ca 2+ ] ( (Fig. 2). Primary evidence for this model comes from parallel 
experiments in isolated perfused lungs and PASMCs from rats. Pulmonary 
vasoconstriction in isolated lungs or PASMC contraction during hypoxia is 
blocked by myxothiazol, diphenyleneiodonium (DPI), or rotenone. All three 
mitochondrial inhibitors block electron transport chain upstream from the 
ubisemiquinone site of superoxide production. None of these pharmacological 
electron transport agents affect the vasoconstriction induced by U46619 under 
normoxia. DPI, rotenone, and myxothiazol also attenuate the increase in [Ca 2+ ]j 
in response to hypoxia without affecting the rise in [Ca 2+ ]j due to angiotensin II 
during normoxia. Antimycin A, which inhibits mitochondrial electron transport 
chain downstream from the ubisemiquinone site of superoxide production, 
maintains HPV and has no effect on hypoxia-induced calcium signaling. The 
mitochondrial anion channel blocker DIDS abolishes pulmonary vasoconstriction 
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in isolated lungs and contraction in PASMCs during hypoxia without affecting 
the response to U46619. Ebselen, a synthetic glutathione peroxidase, abolishes 
pulmonary vasoconstriction in isolated lungs and contraction in PASMCs during 
hypoxia without affecting the response to U466 1 9 . H 2 0 2 is sufficient to invoke 
contraction in PASMCs and to increase in calcium during normoxia. Adenovirus 
transfection of PASMCs with catalase prevents the increase in calcium during 
hypoxia or in H 2 0 2 during normoxia, without affecting the increase in calcium 
due to angiotensin II during normoxia. The p° PASMCs retained the contractile 
response to U46619 but failed to respond to hypoxia. These results suggest that 
HPV in isolated lungs, as well as the increase in calcium and subsequent 
PASMC contraction during hypoxia, occur independently of mitochondrial ATP 
production and are triggered by increased release of superoxide from the 
ubisemiquinone site within the mitochondrial electron transport chain. 

Our findings that mitochondria function as the 0 2 sensor upstream of the 
increase in calcium in triggering HPV has been corroborated by Ward and 
colleagues (20). They found that rotenone and myxothiazol attenuated hypoxia- 
induced increases in [Ca 2+ ] f and subsequent vasoconstriction. By contrast, 
inhibition of complex IV with cyanide augmented the hypoxic response but had 
no effect on [Ca 2+ ]j. Interestingly, in pulmonary arteries that had been treated 
with rotenone. Ward and colleagues were able to restore HPV by using succinate 
to shuttle electrons into complex III via complex II, effectively bypassing the 
rotenone inhibition of complex I. However our observations have been 
challenged by Archer and colleagues who have reported a decrease in 
mitochondrial ROS generation. According to their hypothesis, hypoxia reduces 
mitochondrial electron transport thereby changing the ratio of redox couples (i.e., 
GSSG/GSH and NAD + /NADH) toward a more reduced state resulting in a 
decrease in ROS generation. This leads to an inhibition of K v channels, 
membrane depolarization, Ca 2+ influx via L-type Ca 2+ channels, increased [Ca 2+ ]„ 
and vasoconstriction (23) (see Chapter 9). Thus the major controversy in 0 2 
sensing in PASMC lies in whether ROS levels increase or decrease during 
hypoxia. 

4. Mitochondria Regulate Hypoxic Stabilization of Hypoxia- 
inducible Factor- 1 

Cells respond to hypoxia by activating a multitude of responses designed to 
prevent cells from reaching 0% oxygen. The best-characterized cellular response 
is the activation of the transcription factor HIF- 1 . HIF- 1 is a dimeric transcription 
factor composed ofHIF-la and HIF-ip subunits. HIF-1 is a transcriptional 
activator that is required for the upregulation expression of genes encoding for 
vascular endothelial growth factor, erythropoietin, glycolytic enzymes, and 
endothelin-1 in response to low oxygen concentration (27). HIF-1 plays 
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important roles in normal development, physiological responses to hypoxia, and 
the pathophysiology of common human diseases. In mice, complete HIF-la 
deficiency results in embryonic lethality at mid-gestation because of cardiac and 
vascular malformations (17). Mice that are partially HIF-la deficient due to the 
loss of one allele (heterozygous) develop normally. However, when these mice 
are subjected to long-term hypoxia (10% 0 2 for 3 weeks), they have impaired 
hypoxia-induced pulmonary hypertension as indicated by a diminished medial 
wall hypertrophy in small pulmonary arterioles (37). Furthermore, chronic 
hypoxia increases cell capacitance, reduces K v current density, and depolarizes 
PASMCs, and these effects are reduced or absent in PASMCs from mice 
partially deficient for HIF-1 (28). The mechanism underlying hypoxic activation 
of HIF-1 is important for understanding the pathology of diseases such as 
pulmonary hypertension. 
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Figure 3. Prolyl hydroxylases (PHD) catalyze hydroxylation of proline residues in HIF-la under 
normal oxygen conditions. Proline hydroxylation requires oxygen as a substrate and iron as a 
cofactor. Prolyl hydroxylation is recognized by pVHL which targets HIF-la for ubiquitination 
and subsequent protein degradation by the 26S proteasome. Under hypoxia, HIF-la is not 
hydroxylated thereby HIF-la protein interacts with HIF-1 P 



HIF-1 is a heterodimer of two basic helix loop-helix/P AS proteins, HIF-la 
and the aryl hydrocarbon nuclear trans-locator (ARNT orHIF-ip) (33). ARNT 
protein levels are constitutively expressed and not significantly affected by 
oxygen. In contrast, HIF-la protein is present only in hypoxic cells. During 
normoxia (21% 0 2 ), HIF-la is polyubiquitinated by an E3 ubiquitin ligase 
complex that contains the von Hippel-Lindau tumor suppressor protein (pVHL), 
elongin B, elongin C, Cul2, and Rbxl (22, 24). The binding of pVHL to the 
oxygen-dependent degradation (ODD) domain is located in the central region of 
HIF-la. pVHL binding to HIF-la is dependent on the hydroxylation of proline 
residues within HIF-1 a (Fig. 3) (16, 18). This hydroxylated prolyl residue forms 
two critical hydrogen bonds with pVHL side chains present within the P domain. 
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This constitutes the pVHL substrate recognition unit. The enzymatic 
hydroxylation reaction is inherently oxygen-dependent since the oxygen atom 
of the hydroxy group is derived from molecular oxygen. In addition, prolyl 
hydroxylation requires 2-oxoglutarate and iron as cofactors. 2-oxoglutarate is 
required because the hydroxylation reaction is coupled to the decarboxylation of 
2-oxoglutarate to succinate, which accepts the remaining oxygen atom. In 
mammalian cells, HIF prolyl hydroxylation is carried out by one of three 
homologs of C. elegans Egl-9 (EGLN1, EGLN2, and EGLN3; also called PHD2, 
PHD1, and PHD3, respectively, or HPH-2, HPH-3, and HPH-1, respectively) (9). 
Presumably, the prolyl hydroxylated mediated degradation of HIF- la protein is 
suppressed under hypoxic conditions ranging from 0-5% 0 2 . 

A fundamental question for understanding HIF- la regulation involves the 
mechanism by which cells sense the lack of oxygen and initiate a signaling 
cascade that results in the stabilization of HIF- la protein. Early progress in 
understanding molecular mechanisms underlying mammalian oxygen sensing 
came from the observation that erythropoietin mRNA can be induced under 
normoxic conditions in the human hepatoma Hep3B cell line by incubation with 
transition metals such as cobalt and iron chelators such as desferrioxamine 
(DFO) (12). This led to the proposal that a rapidly turning over heme protein 
capable of interacting with 0 2 is a putative oxygen sensor. However, studies 
using heme synthesis inhibitors failed to show any effect on the hypoxic 
activation of HIF- 1, suggesting that rapidly turning over heme proteins are not 
involved in hypoxia sensing (29). Subsequently, the NADPH oxidase was 
proposed as a possible oxygen sensor by decreasing reactive oxygen species 
(ROS) generation during hypoxia (1). The decrease in ROS triggers the 
stabilization of HIF- 1. However, this model is confounded by the observation 
that DPI, a wide-ranging inhibitor of flavoprotein-containing enzymes including 
NAD(P)H oxidase, does not bigger HIF- 1 stabilization during normoxia. Rather, 
DPI inhibits the hypoxic induction ofHIF-1 dependent genes (11). We propose 
a model in which the increased generation of reactive oxygen species at complex 
III of the mitochondrial electron transport chain serves as the oxygen sensor for 
HIF-la protein stabilization during hypoxia. In support of this model, hypoxia 
increases ROS generation, HIF-la protein accumulation, and the expression of 
a luciferase reporter construct under the control of a hypoxic response element 
in wild-type cells, but not in cells depleted of their mitochondrial DNA (p° cells) 
(5, 6). Furthermore, catalase overexpression abolishes the luciferase expression 
in response to hypoxia. Hydrogen peroxide can stabilize HIF- la protein levels 
and activate luciferase expression under normoxic conditions in both wild-type 
and p° cells. Thus, ROS are both required and sufficient to trigger HIF-1 
activation. The site of ROS generation during hypoxia is localized to complex 
III within the mitochondrial electron transport chain. Mitochondrial complex I 
inhibitors, such as rotenone, that prevent electron flux upstream of complex III, 
ablate ROS generation during hypoxia and subsequently, the hypoxic 
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stabilization of HIF-la protein stabilization. These results have been 
corroborated by Lamanna and colleagues who have demonstrated that the 
neurotoxin l-methyl-4-phenyl-l,2, 3,6-tetrahydropyridine(MPTP), a complex I 
inhibitor, prevents the hypoxic stabilization of HIF-la protein in PC 12 cells (2). 
These investigators have also shown that hypoxic stabilization of HIF-la protein 
is severely reduced in human xenomitochondrial cybrids harboring a partial 
(40%) complex I deficiency. Further evidence that mitochondria regulate HIF-1 
activation comes from Stratford and colleagues, who demonstrated that the 
complex IV inhibitor cyanide is sufficient to activate HIF-1 dependent 
transcription in wild-type Chinese hamster ovary (CHO) cells and HT1080 cells 
under normoxic conditions (36). Cyanide inhibits electron transport chain 
downstream of complex III, thus eliciting an increase in ROS generation. 

Recently, Ratcliffe and colleagues have challenged the role of mitochondria 
as a potential oxygen sensor. These investigators have demonstrated that p° cells 
are able to stabilize HIF-la protein levels at oxygen concentration of 0.1% 0 2 
(32). They have proposed that the prolyl hydroxylases are oxygen sensors that 
regulate hypoxic stabilization of HIF- 1 a protein. This model is based on the 
observation that prolyl hydroxylases require molecular oxygen and iron to 
catalyze the hydroxylation ofproline residues within HIF-la. In the absence of 
oxygen or iron, HIF-la would not undergo proline hydroxylation and subsequent 
pVHL mediated ubiquitin-targeted degradation. The hydroxylation inhibition due 
to anoxia or iron chelation would indicate prolyl hydroxylases as the sensor. 
However, it is not known if prolyl hydroxylase would intrinsically be inhibited 
at oxygen concentration as low as 1-2%, where HIF-1 is activated. We recently 
investigated the response to p° cells to both hypoxia and anoxia because Ratcliffe 
and colleagues used conditions close to anoxia in examining their hypoxic 
response to p° cells. Our results demonstrate that the stabilization of HIF- 1 a 
protein at 1-2% 0 2 did not occur in p° cells. However, p° cells were able to 
stabilize HIF- la protein at 0% 0 2 or in the presence of an iron chelator under 
normoxic conditions (26). This observation is consistent with the requirement of 
proline hydroxylation as a mechanism for HIF-la protein degradation under 
normal oxygen conditions. In the absence of oxygen, hydroxylation of proline 
residues within HIF-la by prolyl hydroxylases cannot occur and intracellular 
signaling events are not required for the stabilization of HIF-la protein. Thus, 
prolyl hydroxylases would effectively serve directly as the oxygen sensors 
during anoxia or during iron chelation under normoxia. Furthermore, if prolyl 
hydroxylase is, by itself, the oxygen sensor for both hypoxia- and anoxia- 
induced HIF- 1 then there would be no signaling required upstream of prolyl 
hydroxylase, i.e., kinases/ROS upstream of prolyl hydroxylase. However, other 
investigators have shown that hypoxia (1% 0 2 ) stimulates Racl activity, and 
Racl is required for the hypoxic stabilization of HIF- la protein (15). Both the 
hypoxic activation of Racl and the stabilization of HIF-la protein were 
abolished by the complex I inhibitor rotenone. These results indicate that Rac 1 
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is downstream of mitochondrial signaling. Moreover, mitochondrial dependent 
oxidant signaling has been shown to regulate HIF-la protein accumulation 
following exposure to TNFa (14). Non-mitochondrial dependent oxidant 
signaling has also been shown to stabilize HIF-la protein under normoxia. For 
example, thrombin or angiotensin II stabilizes HIF-la under normoxia through 
an increase in ROS generation from non-mitochondrial sources (13). Further 
support for the idea that hypoxic signaling is distinct from anoxia or iron 
chelation comes from the observation that DPI, an inhibitor of a wide range of 
flavoproteins including complex I, prevents stabilization ofHIF- la protein and 
HIF-1 target genes at oxygen levels of 1% (11). However, DPI fails to affect 
stabilization of HIF-1 in response to the iron chelator desferrioxamine (DFO). 
This observation is consistent with the notion that iron chelators or lack of 
oxygen directly inhibit prolyl hydroxylase activity due to substrate limitations 
and stabilize HIF-1 a protein (Fig. 3). Interestingly, DPI can prevent a variety of 
other hypoxic responses such as pulmonary vasoconstriction and carotid body 
nerve firing (1). We speculate that the ultimate target of the oxidant dependent 
signaling pathway originating from mitochondria during hypoxia or non- 
mitochondrial sources such as angiotensin II during normoxia is to inhibit 
proline hydroxylation (Fig. 4). 
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Figure 4. Hypoxia requires a functional mitochondrial electron transport chain to initiate 
oxidant dependent signaling that ultimately inhibits prolyl hydroxylases and stabilizes HIF-la. 
By contrast, in the absence of oxygen (anoxia), proline hydroxylation cannot occur because 
oxygen is a required substrate for hydroxylation. Thus, anoxia would directly inhibit prolyl 
hydroxylases thereby stabilizing HIF-la. 



5. Conclusions 



Currently, there are several proposed mechanisms of oxygen sensing in 
pulmonary artery smooth muscle cells. Most of the models are related to either 
increases or decreases in reactive oxygen species. Discrepancies among 
investigators are likely related to differences in preparations and detection 
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methods of detecting ROS. Furthermore, the source of ROS generation has been 
proposed as either the mitochondrial electron transport chain or NADPH oxidase. 
Our own observations suggest that a similar mitochondrial 0 2 sensing 
mechanism may be responsible for HPV and for HIF-1 -mediated transcriptional 
activation during hypoxia. The HIF-1 mediated transcription is likely to be 
important for pulmonary remodeling during chronic exposure to hypoxia. The 
next challenge is to develop other genetic means to perturb mitochondrial 
function and arrive at similar conclusions that were provided by p° cells. 
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1. Introduction 

There are two phases in the response ofthe pulmonary vasculature to low ex- 
tension. The acute, initial transient vasoconstrictor phase (phase 1) is 
independent of the endothelium. The slowly developing increase in vascular tone 
(phase 2) appears to be dependent on the presence of endothelium and 
extracellular Ca 2+ . Pulmonary vasoconstrictive responsiveness to acute hypoxia 
has been demonstrated not only in whole animals (68,74) and in isolated lungs 
(73, 75), but also in isolated pulmonary arteries (33, 36, 40), as well as in 
endothelium-denuded pulmonary artery rings (34, 81) and in single isolated 
smooth muscle cells from resistance pulmonary arteries (41), indicating that 
pulmonary artery smooth muscle cells (PASMCs) themselves respond to 
hypoxia, thus representing both sensor and effector cells with respect to this 
fundamental stimulus. 

It has been proposed that the initial phase 1 is mediated by the inhibition of 
one or several K + channels which control the resting membrane potential (E m ), 
leading to cell depolarization, opening of voltage-gated Ca 2+ channels, entry of 
Ca 2+ into the cells and thus myocyte contraction (5, 9, 52, 59, 72, 79). In addition 
to Ca 2+ influx, Ca 2+ stores in the cell also release Ca 2+ during physiological 
signaling of acute hypoxia. Hypoxia has also been found to induce Ca 2+ release 
from intracellular stores, such as the ryanodine receptor (RyR)-sensitive and the 
inositol l,4,5-trisphosphate(IP 3 ) receptor (IP 3 R)-sensitive Ca 2+ stores, suggesting 
that it acts through multiple pathways to induce HPV (22, 24, 62, 76). 

Many hypotheses have been put forth to explain 0 2 -sensing in PASMCs, 
some of which are related to reactive oxygen species (ROS). 0 2 -sensing could 
occur through enzymatic production of ROS that then alter the redox state of 
signaling molecules and the function of effectors. 
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2. The Effect of Hypoxia on Cellular Redox Status 

2.1. Sources of ROS Production 

Cellular oxygen sensing is a highly conserved mechanism in evolution, most 
likely developed by primitive organisms with the first appearance of oxygen 
approximately 3 billion years ago (21, 50). It has long been recognized that ROS 
such as superoxide anion (0 2 * ), hydrogen peroxide (H 2 0 2 ) and hydroxyl radical 
(OH‘) are produced in aerobic cells as by-products of oxidative metabolism, 
either during mitochondrial electron transport or by several oxidoreductases and 
the metal-catalyzed oxidation of metabolites. 

Stimulated production of ROS by a multicomponent nicotinamide adenine 
dinucleotide phosphate reduced (NAD(P)H) oxidase was first described in 
phagocytic cells like neutrophils and macrophages due to the transient 
consumption of0 2 (“the respiratory burst”). During the last decade, production 
of ROS by NAD(P)H oxidase or by the NADH isoforms has also been 
demonstrated in a variety of cells in 0 2 -sensitive tissues, including 
neuroepithelial body (NEB) cells (78), PASMCs (42, 46, 47), endothelial cells 
(85), and carotid bodies (38). A central role for an NAD(P)H oxidase in 0 2 
sensing in lung NEB cells was recently examined by Fu et al. (30) who found 
that K + channels of NEB cells in lung slices recorded from a knockout mouse, 
lacking the gp9 1 phox subunit, were insensitive to acute hypoxia. They concluded 
that during normoxia NAD(P)H oxidase usually generates ROS that keep the K + 
channels open. During hypoxia the decrease in ROS would allow the channels 
to close. In bovine pulmonary arteries the changes in 0 2 tension (Po 2 ) may 
regulate vascular relaxation through changes in ROS (77). Wolin et al. paper 
reported that H 2 0 2 production increased in normoxia, relative to hypoxia, and 
caused PA SMC relaxation through an increase in cGMP. Diphenylene iodonium 
(DPI), the non-selective NAD(P)H oxidase inhibitor, would be expected to 
reduce ROS and thus resemble hypoxia. In isolated and cultured NEB cells DPI 
does in fact inhibit K + current as would be predicted if H 2 0 2 produced by 
NAD(P)H oxidase promotes the K + current seen in normoxia (69). DPI did not 
mimic the hypoxia response when given during normoxia, although this could 
be due to inhibition of Ca 2+ channels. In the study of Archer et al. (7), the 
gp91 P h °x knockout mouse has normal HPV and hypoxia still inhibits K + channels 
in their PASMCs, suggesting that NAD(P)H oxidase containing gp91 phox , is not 
required for HPV (Fig. 1). Consequently, the role of NAD(P)H oxidase in 
oxygen sensing is still uncertain. 

Mitochondria were proposed over 30 years ago as potential 0 2 sensors in the 
carotid body (45). Under hypoxic conditions, depletion of high-energy 
phosphates, a shift toward the reduced form of redox couples, or cytochromes 
with an unusually low affinity for Po 2 could act as a sensor. There are several 
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studies providing further support for involvement of mitochondria in 0 2 -sensing 
in Hep 3B cells (15, 16, 17), cardiomyocytes (12, 13, 17) and in human ductus 
arteriosus (44). Complementary to these findings, Waypa et al. have recently 
shown that proximal but not distal inhibitors, acting at electron transport chain 
(ETC) in mitochondria, suppressed HPV without affecting the response to other 
vasoconstrictors. They proposed that mitochondrial complex 111 is important in 
HPV, increasing ROS production under hypoxia and H 2 0 2 is probably the signal 
molecule (70, 71). 
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Figure 1. HPV is preserved in mice lacking the gp91 subunit of NAD(P)H oxidase (knock-out 
mouse) but there is virtually no oxygen radical production at the lung surface, measured by 
luminol-chemiluminescence (upper panels) (From Ref. 72). 

However, after more than two decades of investigation in this field it is still 
disputed whether ROS go up or down during acute exposure of the lung to 
hypoxia at physiological levels. Several studies have shown that acute hypoxia 
decreases production and tissue levels of ROS. In a small cell lung carcinoma 
cell line (H-146), hypoxia has been shown to reduce ROS production measured 
by DCF fluorescence (51). In addition, a decrease in superoxide anion 
production in neutrophils was reported as measured by cytochrome c reduction 
(31). Similar observations were made using chemiluminescence techniques, with 
luminol or lucigenin enhancement, during hypoxia in the rat lung (6), mouse 
lung (7), rabbit lung (53) and rabbit ductus arteriosus (60). Finally, Michelakis 
et al. recently provided supportive evidence for decreased ROS release in 
denuded resistance pulmonary artery rings during hypoxia using three different 
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detection methods, DCF fluorescence, lucigenin-enhanced chemiluminescence 
and AmplexRed H 2 0 2 assay (43). Similarly, an increase in P0 2 increased ROS 
production in the human ductus arteriosus, as demonstrated by the same group 
(44). In contrast, measurements with either DCF fluorescence or lucigenin- 
enhanced chemiluminescence in cultured PASMCs all showed increases in ROS 
production during hypoxia (37, 42, 70). This discrepancy may relate to 
differences in preparation methods or experimental techniques used. In addition, 
questions arise concerning the precise subcellular locations of ROS production. 

2.2. Cytosolic Redox Status 

Regardless ofthe direction ofthe change in the level ofROS, ROS signaling 
can be divided into two general mechanisms of action: a) direct effect of ROS 
and b ) alterations in intracellular redox state. 

2.2.1. Direct Effect of ROS 

ROS can alter protein structure and function by modifying critical amino acid 
residues by removing or donating electrons. The reduction or oxidation of the 
sulfhydryl groups of amino acids, such as cysteine, have emerged as a molecular 
mechanism behind many cellular processes, including DNA transcription, ion 
channel modification, and regulation of cytosolic free Ca 2+ concentration 
([Ca 2+ ] cyt ). Oxidative modifications of critical amino acids within the functional 
domain of proteins (notably voltage-gated K + channels) may occur in several 
ways. The best described of such modifications involves cysteine residues. The 
sulfhydryl group (-SH) of a single cysteine residue may be oxidized to form 
sulfenic (-SOH), sulfinic (-S02H), sulfonic (-S03H), or S-glutathionylated (- 
SSG) derivatives. Such alterations caused by ROS may alter the activity of K + 
channels, changing channel gating or open probability and link changes in P0 2 
to vascular tone. 

2.2.2. Alterations in Intracellular Redox State 

The effects of ROS in signalling have often been attributed to a “shift” in the 
redox potential of the cells. In comparison with the extracellular environment, 
the cytosol is normally maintained under strong “reducing” conditions. Schafer 
and Buettner (63) suggested recently that the glutathione disulfide 
(GSSG)/glutathione (GSG) ratio can serve as a good indicator of the cellular 
redox state. This ratio results primarily from a combination of the rates of H 2 0 2 
removal by GSH (reduced glutathione) peroxidase and GSSG reduction by GSH 
reductase, regulating the GSH concentration. Hypoxia increases the ratios ofthe 
reduced to the oxidized forms of the cytosolic redox pairs, such as glutathione 
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(GSH/GSSG) and/or NADH/NAD, NADPH/NADP (4, 18, 64) and thus shifts 
the cells to a more reduced state. The redox couples within the cytosol could also 
affect and modify channel activity, as will be extensively reviewed in the 
following part of the chapter. 

3. Redox Modulation of Ion Channels 

Redox modulation of ion channel activity seems to be an important 
regulatory mechanism under physiological conditions for several vasomotor 
functions, including regulation of cell E m and vascular tone, activation of 
transcription factors required for the expression of genes, apoptosis and necrosis, 
and cellular protective mechanisms against ischemic or hypoxic insults. 

Several studies have provided evidence that 0 2 -sensing in different tissues 
is mediated by effector K + channels with cytosolic redox as a sensor. G-protein- 
coupled inwardly rectifiying K + (K IR ) channels, present in excitable and 
endocrine tissues, have been shown to be activated by the reducing agent 
dithiothreitol (DTT) (84). For DTT-dependent activation, a cysteine-residue 
located in the N-terminal cytoplasmic domain of the channel seems to be 
essential. Interestingly, when this cysteine-residue is mutated, DTT-dependent 
activation is abolished, but receptor-mediated channel activation is not affected, 
suggesting that intracellular redox potential acts in a receptor-independent 
manner. It is possible that G-protein signaling may involve redox changes (57). 
Opening of G-protein-regulated-K IR channels can slow cardiac pacemaking, shut 
down secretion or inhibit neuronal firing in the central nervous system and thus 
can protect cells against ischemic or hypoxic insults. 

In the lung NEB cells and the FI- 146 cell line, the 0 2 -sensitive K + currents are 
augmented by H 2 0 2 or by activation of the NADPFI oxidase with phorbol esters 
(51, 69). In the FIERG channel (which generates the cardiac K IR currents) 
activation is accelerated by H 2 O 2 (10). Consequently oxidation tends to increase 
the potassium current and reduction to decrease it. 

The large conductance Ca 2+ -activated K + (K Ca ) channels in different tissues 
have also been reported to be hypoxia and redox sensitive. In this case, the 
reducing agent GSF1 reversibly activates the neuronal K Ca channel by increasing 
the activation rate constant and decreasing the deactivation rate constant (20). In 
myocytes of the taenia caeci, DTT and GSFI significantly increases and the 
oxidizing agent thimerosal decreases the open probability of K Ca channels in 
excised patches (39). In contrast, the activity of large conductance K Ca channels 
in CA1 pyramidal neurons is markedly increased by the oxidizing agent 5,5’- 
dithio-bis-(2-nitrobenzoic acid) (DTNB). DTT has no effect on channel activity 
but can reverse DTNB-induced enhancement (32). The different behavior of 
these channels in response to redox changes could be explained by the 
heterogeneity of the K Ca channel in different tissues. 
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3.1. Redox Control of Pulmonary Vascular Ion Channels 

The E m of arterial smooth muscle cells is an important regulator of arterial 
tone and hence arterial diameter. These cells have steady or slowly changing 
resting E m around -65 to -50 mV in vitro, close to the predicted equilibrium 
potential for K + ions (E K is approximately -85 mV with physiological 
extracellular K + , ~5 mM) (49). The opening ofK + channels in the cell membrane 
increases K + efflux, which causes membrane hyperpolarization. This closes 
voltage-dependent Ca 2+ channels, decreasing Ca 2+ entry and leading to 
pulmonary vasodilatation. Conversely, inhibition of K + channels activity causes 
membrane depolarization, leads to cell contraction and vasoconstriction. 
Therefore, alterations in K + channel activity play an important role in the 
development of hypoxic pulmonary vasoconstriction (72). It has been proposed 
that the reduction in Po 2 from normoxic to hypoxic levels, which causes 
reversible hypoxic pulmonary vasoconstriction, shifts the ratio ofredox couples 
toward a more reduced state in PASMCs, leading to inhibition of K + current, 
membrane depolarization, Ca 2+ influx via L-type Ca 2+ channels, an increase in 
[Ca 2+ ] cyt and pulmonary vasoconstriction. 

Three classes ofK + channels have been identified in PASMCs: voltage -gated 
K + (Kv) channels (25, 58, 95), Ca 2+ -activated K + (K Ca ) channels (3,56) and ATP- 
sensitive K + (K atp ) channels (49). The K + channels which control E m in 
PASMCs, and inhibition of which initiates HPV, conduct an outward current 
which activates at potentials less negative then -50 mV, is slowly inactivating 
and blocked by the Kv channel blocker 4-aminopyridine (4-AP) but not by 
inhibitors of K Ca orK ATP channels (5, 8, 79). The large conductance K Ca channels 
are activated by intracellular Ca 2+ and membrane depolarization. The opening of 
Kca channels hyperpolarizes the cell membrane and thus prevents excessive 
vasoconstriction. K ATP channels are activated after the depletion of intracellular 
ATP level for example, by hypoxic vasoconstriction associated with anoxia or 
after exposure to metabolic poisons. Therefore, the activity ofK ATP channels 
could bear an important role for the regulation of basal vascular tone under 
severe pathological conditions. 

The existence of redox modulation in K Ca channel activity has been shown 
in studies carried out in PASMCs. Reducing agents, such as DTT, reduced 
glutathione, and reduced nicotinamide adenine dinucleotide (NADH) decreased, 
and oxidizing agents, such as DTNB, oxidized glutathione and NAD, increased 
the K Ca channel activity in PASMCs. The increased activity due to oxidizing 
agents was diminished by applying reducing agents (55). In contrast, in isolated 
PASMCs from large pulmonary arteries the K Ca channel activity was unaffected 
by NAD and GSSG or NADH and GSH (66). This suggests that the change in 
the intracellular redox state, which would be expected during acute hypoxia, does 
not alter the activity of K Ca channel in PASMCs from large conduit pulmonary 
arteries. 




283 



A variety of redox-active agents have been studied in PASMCs, showing that 
exogenous reducing agents mimic the effect of hypoxia on several types of 02 - 
sensitive K + channels, E m and [Ca 2+ ] cyt .Yuan (82) provided support for the role 
of a redox-based 0 2 -sensing system in PASMCs. Reduced glutathione caused an 
inhibition in the whole-cell K + current and significant membrane depolarization. 
In the presence of GSH, hypoxia had no further effect on K + current or resting 
E m , suggesting that both hypoxia and GSH block the same K + channels. In 
addition, oxidized gluthatione (GSSG), co-enzyme Q 10 and duroquinone, on the 
other hand, increase whole cell K + current and hyperpolarize the resting E m (61, 
72). Park et al. showed, that DTT partially blocks Kv current in PASMCs and 
accelerates the inactivation kinetics, but does not affect steady-state activation 
and inactivation (54). On the contrary, the oxidizing agent 2,2’-dithio-bis(5- 
nitropyridine) (DTNBP) increases Kv current and accelerates activation kinetics 
(54). The effect of DTT and DTNB on whole-cell K + current and resting E m of 
adult rat PASMCs is shown in Figure 2. Under normoxic conditions superfusion 
of PA SMCs with experimental solution containing DTT reduced K + current and 
depolarized the resting E m . DTNB showed a time-dependent membrane 
hyperpolarization of these cells under hypoxic conditions, which is consistent 
with the opening of K + channels. 



A 



Normoxia 




c 
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Figure 2. Effect of the reducing agent dithiothreito! (DTT) and oxidizing agent 
dithionitrobenzoic-acid (DTNB) on whole-cell outward K + current (/*) and resting E m of adult rat 
PASMCs. Currents were evoked from a holding potential of -70 mV to +50 mV in 20-mV steps. 
A: Representative traces demonstrate I K under normoxic conditions (left) and after treatment with 
3 mM DTT (right). B: DTT depolarizes the resting E m in normoxia (n=5). C: The figure shows 
the augmenting effect of DTNB on / K during hypoxia. D: DTNB causes PASMC 
hyperpolarization under hypoxic conditions (n=4). Data are mean±SE. * P<0.05 vs. control. 



The studies presented here support the hypothesis that K + channels and in 
particular Kv channels are a target for redox active agents. These results suggest 
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that pulmonary vascular tone can be modulated by electron-transfer agents at the 
level of K + channels. In addition, there appear to be similarities between the 
effects of hypoxia and reducing agents in PASMCs. Shifting the cellular redox 
status to a more reduced state, in both cases, causes pulmonary vasoconstriction 
by inhibition of K + channels and subsequent E m depolarization. 

4. Redox Modulation of Cytosolic Ca 2+ Concentration 

An increase of [Ca 2+ ] cyl is necessary to elicit vascular smooth muscle cell 
contraction. When [Ca 2+ ] cyt rises in the smooth muscle cell, Ca 2+ binds to 
calmodulin. The Ca 2+ /calmodulin complex activates myosin light chain kinase, 
which promotes myosin light chain phosphorylation and actin/myosin 
interaction. The actin/myosin crossbridges underlie smooth muscle contraction, 
prompting vasoconstriction. When calcium signaling is stimulated in smooth 
muscle cells, Ca 2+ enters the cytoplasm from one of two general sources: it enters 
the cell across theplasmalemmal Ca 2+ channels or it is released from intracellular 
Ca 2+ stores, such as endoplasmic or sarcoplasmic reticulum (SR). These 
processes may occur either simultaneously or sequentially. 

4.1. Redox Control ofCa 2+ Channels 

There are three main pathways by which extracellular Ca 2+ can enter the 
PASMCs: a ) voltage-dependent Ca 2+ channels, b) receptor-activated Ca 2+ 
channels, and c) store-operated Ca 2+ channels. Additionally, [Ca 2+ ] cyt can be 
increased by Ca 2+ release from two intracellular Ca 2+ pools in the smooth muscle 
cells: i) from ryanodine-sensitive stores and ii ) from IP 3 -sensitive stores. 

A growing body of work indicates that changes in oxygen-tension may 
initiate calcium signaling of smooth muscle cells by shifting the redox status. T- 
type (low-threshold) voltage-dependent Ca 2+ -channels have been identified in a 
few tissues, including PASMCs (48) and sensory neurons (67). These channels 
act over the range of resting E m , suggesting that they may also play an important 
role in the regulation ofvascular tone. The redox-sensitivity oflow-threshold T- 
type Ca 2+ -channels was recently examined by Todorovic et al. (67), who found 
that the reducing agent DTT selectively augmented Ca 2+ -current and the current 
was accelerated in the presence of DTT. The effects of DTT on T-type Ca 2+ - 
currents were mimicked by the endogenous reducing agent L-cysteine. Similarly 
to DTT, L-cysteine also increased rates of activation and inactivation of the 
current. In contrast, the oxidizing agent DTNB blocked T-type Ca 2+ channels at 
higher concentrations and, at lower concentrations DTNB fully reversed the 
effects ofDTT on current kinetics, peak current and the time course ofrecovery. 
It is possible that other thiol-containing compounds like L-homocysteine or 
glutathione could also be endogenous redox modulators of T-type Ca 2+ channels 
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and that these agents could work in concert to upregulate this channel function. 
Recombinant T-type Ca 2+ channel current flowing through the alH subunit, 
expressed in HEK 293 cells, was found to be enhanced by the reducing agent 
glutathione (GSH) and inhibited by oxidized glutathione (GSSG) (27). In 
contrast, T-type Ca 2+ current through the alG subunit was unaffected by GSH, 
indicating that different members of the T-type Ca 2+ channel family are 
differently regulated by redox agents and perhaps by hypoxia. 

L-type voltage-dependent Ca 2+ channels from vascular smooth cells have also 
been shown to be oxygen sensitive (29). Modulation by reducing and oxidizing 
agents of both native and recombinant L-type Ca 2+ channels has been 
investigated by several groups, and differing effects are apparent. Campbell et 
al. demonstrated that DTT caused inhibition of native L-type Ca 2+ current in 
ventricular myocytes and DTNB enhanced it (14). On the contrary, 
investigations by Learon et al. showed that DTT was without effect on the 
recombinant L-type Ca 2+ channel current which was not previously pretreated by 
the oxidizing agents thimerosal or by p-chloromcrcuri benzene sulphonic acid 
(PCMBS) (26). Using the stably transfected al -subunit of L-type Ca 2+ channels 
from PASMCs, it was found that the poorly membrane -permeable oxidizing 
agent thimerosal inhibited the whole-cell Ca 2+ current. This effect was fully 
reversed by DTT, indicating that the inhibition of the current was dependent on 
oxidation of an extracellularly accessible cysteine residue (19). 

4.2. Redox Regulation of Ca 2+ Release from Sarcoplasmic Reticulum 

Several studies on the redox regulation of the SR Ca 2+ -release channel 
complex, consisting of the RyR, the LK506 binding protein and other associated 
proteins and molecules such as junctin, triadin and calmodulin, have been 
conducted on skeletal and cardiac muscle cells. Peng et al. have provided direct 
evidence that ryanodine channel activity follows transmembrane redox potential 
(28). The molecular basis of 0 2 -responsiveness in these cells was identified to 
involve 6-8 of 50 RyR thiols whose redox state is dynamically controlled, as 
described by Eu et al. (23). Oxygen exposure of native SR leads to activation of 
the RyR-coupled Ca 2+ release channel due to the oxidation of 6 RyR thiols per 
subunit and enhanced ryanodine binding to RyR across the spectrum of 
physiological Ca 2+ concentrations. Prom their studies on SR vesicles, Abramson 
and Salama (1,2) proposed a model for redox regulation of the channel that 
involves three different sulfhydryl groups which exist in close proximity and 
react through thiol oxidation and thiol-disulfide interchange to open or close the 
channel. Biochemical evidence suggests that the SR Ca 2+ -release channels in 
cardiac myocytes can also be regulated by the redox potential of the cells. 

Boraso and Williams demonstrated that H 2 0 2 increased the open probability 
of the Ca 2+ -release channel in sheep and the channel activity was suppressed by 
DTT (Pig. 3) (11). Although they reported the involvement of H 2 0 2 in the 




286 



process of oxidative modification of the RyR, it is not clear if H 2 0 2 itself reacted 
with RyR or that some product of H 2 0 2 , probably the hydroxyl radical is the true 
reactive agent. The effect of H 2 0 2 and DTT on [Ca 2+ ] cyl in cardiomyocytes is 
consistent with our observations on the tension of the ductus arteriosus (DA) 
(60). 
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Figure 3. Modification of the gating of the cardiac SR Ca 2+ -release channel by H 2 0 2 and DTT. 
A: Representative current fluctuation in control (a) and after addition of 1 2 mM EGTA ( b ). 5 mM 
H 2 0 2 , applied to the cytosolic side of membrane, reopened the channel (c). B: Single channel 
recordings before (a) and after addition of DTT ( b ). Under these conditions H 2 0 2 was not able 
to reopen channels (c). Application of ATP (d) and caffeine (e) increased the open probability of 
channels. Cardiac SR Ca 2+ -release channels were activated by 10 pM Ca 2+ . Holding potential for 
single-channel recording was 0 mV. Dashed lines, closed-channel level; arrows, open-channel 
level (From Ref. 1 1). 



H 2 0 2 constricted and DTT dilated DA rings consistently. The opposite effects 
of H 2 0 2 and DTT on DA rings would indicate a potential mechanism for 
normoxia-induced vasoconstriction and hypoxia-induced vasodilatation in DA. 
Suzuki et al. showed that H 2 0 2 enhanced Ca 2+ release from SR (65). The 
augmentation of Ca 2+ release requires the thiol reductant DTT or glutathione 
(GSH), suggesting that thiol-disulfide exchange reactions regulate Ca 2+ release 
from the SR by converting the disulfide structure to another thiol through 
reduction (by GSH or DTT) and oxidation (H 2 0 2 ) reactions. This is consistent 
with the proposal by Abramson and Salama in skeletal muscle that thiol-disulfide 
interchange reactions within the Ca 2+ -release channel molecule convert the 
open/closed states of the channel (1, 2). Consistent with this observation is the 
observation that thiol reductants DTT and GSH suppress SR Ca 2+ -release channel 
activity (11, 83). The results shown that redox modification of RyR channels 
affect Ca 2+ signaling in cardiac and skeletal muscle. In both cases, oxidation 
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produces a significant increase in Ca 2+ release. Reversible activation of cardiac 
RyR channels by oxidation could be relevant in the heart, especially when there 
is an increase in free radical production such as in ischemia/reperfusion 
situations. Sustained or uncontrolled oxidation of RyR channels may elicit an 
imbalance in Ca 2+ homeostasis, which could bigger apoptosis. 

Wilson et al. presented a possible new mechanism for acute hypoxia-sensing 
in PASMCs involving Ca 2+ release from ryanodine-sensitive SR stores. These 
observations suggest that acute hypoxia increases a-NADH levels, which then 
increase the net amount of cyclic ADP-ribose (cADPR) synthetized from P- 
NAD + by cADP-ribosyl cyclase, and simultaneously inhibit cADP degradation. 
The increased level of cADPR promotes Ca 2+ release from RyR and elicits 
vasoconstriction (76). 

The influence of ROS on Ca 2+ release through IP 3 R-coupled channels has 
been examined in smooth muscle cells. Kaplin et al. (35) investigated redox 
modulation of Ca 2+ release in purified IP 3 receptors reconstituted in lipid vesicles. 
Reduced nicotinamide adenine dinucleotide (NADH) increased IP 3 -mediated 
Ca 2+ flux. [Ca 2+ ] cyt was markedly and specifically increased by direct intracellular 
injection of NADH, suggesting that direct regulation of IP 3 by NADH could be 
responsible for elevated [Ca 2+ ] cyt occurring in the earliest phase of hypoxia. 

These findings suggest that in the mechanisms that are necessary for sensing 
and responding acutely to hypoxia, both intracellular and extracellular Ca 2+ are 
important. However, the nature of the redox-related protein modification is in 
question and the molecular details are not known. It seems likely that sensitive 
thiol-groups within the channel complexes are an essential component of a 
transmembrane redox sensor and may be involved in mediating changes in Ca 2+ - 
signaling during changes in P0 2 . 
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1. Introduction 

In recent years, it has become clear that mitochondria play a central role in 
several aspects of animal physiology and pathophysiology (18). Although the 
main role of mitochondria is to produce ATP, additional roles have recently been 
recognized. Mitochondria take up Ca 2+ and play a key role in cellular Ca 2+ 
homeostasis; the high capacity of mitochondrial Ca 2+ uptake provides a means 
of matching energy demand with ATP production, since several mitochondrial 
enzymes are activated by Ca 2+ (18). Mitochondria have also been proposed as 
important 0 2 sensors in a variety of 0 2 -sensitive tissues, including the pulmonary 
arteries, the ductus arteriosus, and the carotid body (3). The role of mitochondria 
as 0 2 sensors (see Chapter 9) allows them to match energy (or 0 2 ) demand with 
0 2 delivery in the body, either by optimizing ventilation-perfusion matching (via 
hypoxic pulmonary vasoconstriction) or 0 2 delivery (via activation of the brain 
respiration center by the carotid body). An important factor in the mitochondria- 
based 0 2 sensing pathways is the activated oxygen species (AOS) produced in 
the mitochondrial electron transport chain (ETC). Some AOS, like hydrogen 
peroxide (H 2 0 2 ), have a long effective diffusion radius and can leak to the 
cytosol and membrane and activate second messengers and ion channels that 
control vascular tone (3). Furthermore, mitochondria are recognized as a key 
regulator of apoptosis (22), a critical factor in the development or regression of 
pulmonary vascular remodeling (15, 28). By being involved in the regulation of 
both vascular tone and vascular remodeling, mitochondria might be more 
important in vascular disease than currently recognized and will undoubtedly be 
excellent targets for drug development. 

There is definitive evidence that mitochondrial diversity exists among 
different organs or tissues. In addition to summarizing the existing evidence for 
such diversity, this chapter introduces the concept of mitochondrial diversity in 
the vasculature. We discuss recently published evidence that mitochondria are 
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different between the vascular smooth muscle cells (SMC) in pulmonary versus 
systemic arteries. Such diversity might at least in part explain the still unresolved 
“mystery” of why the pulmonary arteries (PA) constrict to hypoxia while the 
systemic arteries dilate or why the pulmonary circulatory system is a “low 
pressure” circulation compared to the systemic circulatory system. Furthermore, 
this diversity might provide clues for the development of drugs that will target 
the pulmonary but not the systemic arteries, a much-desired feature of the ideal 
candidate treatment for pulmonary arterial hypertension. 

2. Mitochondrial Diversity: Evidence from Mitochondrial 
Diseases 

Mitochondrial abnormalities have been implicated in the pathogenesis of 
many genetic diseases and several degenerative diseases like Parkinson’s (50). 
In most genetic mitochondrial diseases there is a very specific mutation in the 
mitochondrial or nuclear DNA encoding a specific mitochondrial protein. For 
example, Leber’s hereditary optical neuropathy (LHON), a highly selective 
degeneration of the optic nerve, presents with acute blindness in mid-life. A 
specific mutation in the mitochondrial gene (ND6) encoding for a subunit of 
NADH dehydrogenase has been identified (51). This results in a substantial 
decrease in the activity of complex I of the ETC. Complex I is a critical part of 
the mitochondrial ETC and thus of cellular respiration. However, the phenotype 
of the LHON is surprisingly restricted to the optic nerve. 

In Friedrich’s ataxia, an autosomal recessive disease that results in cerebellar 
ataxia, peripheral neuropathy, and hypertrophic cardiomyopathy, the mutant 
protein, frataxin, is targeted to the mitochondrial inner membrane and functions 
to transport iron out of the mitochondrion (47). With the loss of this protein, iron 
accumulates in the mitochondrial matrix, stimulating the conversion of H 2 0 2 to 
OH' by the Fenton reaction. This inactivates the mitochondrial Fe-S center 
enzymes (complexes I, II, III, and aconitase), which in turn reduces 
mitochondrial energy production (47). The phenotype of this ataxia is restricted 
to the central nervous system (CNS) and the heart. 

These observations suggest the presence of mitochondrial diversity among 
tissues, where the role or the relative importance of a mitochondrial protein or 
pathway varies from one tissue to another; disease is expressed only in tissues 
in which the affected mitochondrial proteins are of critical importance. 

3. Diversity of Mitochondrial among Organs: Evidence from 
Metabolic Pathways 

It has been well-known that some organ- specific metabolic pathways 
represent good examples of mitochondrial diversity (33). 
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3.1. Liver mitochondria 



Synthesis of carbamoyl-phosphate and citrulline, first two steps of urea 
synthesis, is located only within liver mitochondria. A liver-specific ornithine - 
citrulline antiporter is responsible for the import of ornithine into, and the export 
of citrulline out of the liver mitochondria (33). Gluconeogenesis is a liver- and 
kidney-specific pathway. The formation of oxaloacetate occurs via pyruvate 
carboxylase in the mitochondrial matrix and plays a central role in controlling 
gluconeogenesis (24). Another peculiarity of liver mitochondria is the generation 
of the ketone bodies acetoactate and b-hydroxybutyrate from acetyl-CoA. b- 
hydroxy-butyrate dehydrogenase, which converts acetoacetate to b-hydroxy- 
butyrate using mitochondrial NADH, is liver-specific mitochondrial enzyme and 
can therefore be used to indicate mitochondrial NAD-redox state in liver (54). 
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Figure 1. Different respiration rates and activities of ETC complex I and IV in muscle versus 
brain mitochondria. The inhibition plots are constructed from the relative ADP-stimulated 0 2 
consumption rates plotted against the percentage decrease in NADHxoenzyme Q1 reductase 
activity (complex I) at identical concentrations of amytal (•) and rotenone (■) (A and B) or 
plotted against the percentage decrease in COX activity (complex IV) at identical KCN 
concentrations (C and D). The intersection of the regression line with the ordinate gives the 
reserve capacity of the enzyme investigated (From Ref. 33). 



3.2. Kidney Mitochondria 

Mitochondrial glutaminase I, catalyzes the kidney-specific desamination of 
glutamine to glutamate and ammonium ions (30). 

3.3. Sperm Mitochondria 

An intriguing property of sperm mitochondria is the existence of a lactic 
dehydrogenase, which is in redox equilibrium with the mitochondrial NAD- 
system (11, 39). This presumably allows a very effective utilization of lactic 
acid, which is present in high quantities in the fluids of the female genital tract. 
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This diversity of mitochondrial function among organs is not restricted only 
within specific metabolic pathways due to the presence or absence of a specific 
enzyme. The overall function of mitochondria, as measured by respiration (i.e., 
0 2 consumption) from different organs is often different, suggesting differences 
in the expression or the activity of ETC complexes. In Figure 1, differences in 
the respiration between brain and muscle mitochondria are shown. The 
difference in the activities of complex I and IV (cytochrome c oxidase, COX) is 
shown by the response to complex I and IV inhibitors (rotenone and cyanide), 
while the experimental conditions are the same. 

Differential expression of complex I has been described in the brain (43) and 
significant diversity has also been described in complex IV (COX) (33). 
Isoforms have been found for several COX subunits and are expressed in a 
tissue-specific and developmental manner (Fig. 2) (33). For example, for the 
isoform of subunit IV, high IV-2 expression was observed in adult lung and 
lower expression in all other tissues investigated, including fetal lung, implying 
that there may be effects of 0 2 on ETC subunit gene expression (26) (Fig. 2). 
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Figure 2. Diversity of cytochrome c oxidase isoforms mRNA expression in human and rat tissues. 
A: Northern blot analysis showing mRNA expression of cox-IV-1 and cox-IV-2 in human fetal 
(f) and adult tissues. The developmental stage of fetal tissues is 20 (brain), 24 (liver), 37 (lung), 
and 28 (muscle) weeks. B: Quantitative PCR analysis of mRNA levels of the cytochrome c 
oxidase subunit IV-2 isoform in rat tissues (From Ref. 26). 



Diversity in the expression of the mitochondrial enzyme pyruvate 
dehydrogenase kinase (PDK) isoforms has also been described (10). PDK-2 is 
differentially expressed in the lungs versus the heart or systemic smooth muscle. 
Thus the PDK-2 inhibitor dichloroacetate (lower K m for PDK-2 than for PDK 1 - 
3-4) (10) may have selective effects on the pulmonary circulation. This is in 
agreement with the finding that dichloroacetate reverses pulmonary hypertension 
(perhaps via redox effects on K + channel expression and function) without 
affecting the left ventricle or lowering systemic blood pressure (38). This is an 
example of taking advantage of mitochondrial diversity to design therapeutic 
strategies for vascular disease that are selective and specific. 
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4. Diversity of Mitochondria Within Cells 

The presence of two distinct intracellular populations of mitochondria within 
both skeletal and cardiac muscles has been well known (42, 53). Sub- 
sarcolemmal mitochondria are dispersed beneath the muscle cell membrane 
while intermyofibrillar mitochondria penetrate the myofibrillar apparatus. The 
advantage of two distinct, specialized mitochondrial populations may relate to 
their location with respect to metabolite production within the cell, and to 0 2 
gradients and blood-borne metabolites in relation to capillaries. The biochemical 
differences between these two populations emerge when the mitochondria are 
studied in vitro (42, 53). In general, intermyofibrillar mitochondria have a higher 
V0 2 , a greater capacity to oxidize fatty acids, and higher rates ofprotein import. 
These differences are not due to differential damaging of the two populations of 
mitochondria during centrifugation in the isolation process. Recent studies in 
intact cells have shown that functional and morphological heterogeneities occur 
in vivo in many cell types (14). 

5. Mitochondria and the Vasculature 

Although vascular mitochondria are emerging as leading candidates for 0 2 
sensors, their role in vascular function in health and disease is unexplored. 
Mitochondria arc likely to be important regulators of vascular function since they 
are involved in important mechanisms of vascular tone control and vascular 
remodeling (e.g., regulation of important apoptosis pathways). 

5.1. Mitochondria-derived AOS Regulate Vascular Tone 

Mitochondria are major sources of AOS, primarily superoxide and H 2 0 2 . Up 
to 5% of the molecular 0 2 consumed during mitochondrial respiration is reduced 
univalently to superoxide and most if not all of the H 2 0 2 produced in 
mitochondria arises from dismutation of superoxide (18). The dismutation is 
mediated by a mitochondria-specific superoxide dismutase (SOD), manganese 
SOD (MnSOD). At high levels, AOS can be detrimental for the cell mostly due 
to their potential for DNA damage. It has been proposed that diseased 
mitochondria that produce high levels of AOS can initiate apoptosis in an effort 
to prevent the survival of cells carrying damaged/mutated DNA (18). However, 
at low levels, mitochondria-derived AOS can mediate important cellular 
functions. For example, mitochondrial-derived superoxide initiates the 
stabilization of hypoxia-inducible factor la (13), which in turn induces the 
expression of several genes important in hypoxia, such as erythropoietin. 
Mitochondria-derived H 2 0 2 (9), which has a much longer effective diffusion 
radius than superoxide (55), can diffuse to the cytoplasm and activate soluble 
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guanylate cyclase (12, 56) or sarcolemmal K + channels in vascular smooth 
muscle (6, 25, 52), thus causing vasodilation. 

5.2. The Production of AOS is Closely Linked to Mitochondrial 
Respiration and Membrane Potential 

Substrates (glucose, fatty acids, etc.) enter the tricarboxylic acid cycle (TCA) 
promoting reduction of NAD to NADH and FAD to FADH 2 (see Chapter 9). As 
these are re-oxidized, they supply electrons to the ETC (complexes I to IV). 
These electrons are transferred through the enzyme complexes to 0 2 , producing 
H 2 0. During this process, protons are translocated out of the inner mitochondrial 
membrane, generating a potential across the inner membrane between -150 to - 
200 mV (AT m ). Therefore, the AT m reflects the level of the respiratory activity 
in the mitochondria (18). ATP synthesis takes place at a different site, the ATP 
synthase (complex V), which contains a proton channel (F 0 ) and an ATP 
synthase (F,). This enzyme is driven by the downhill movement of protons 
through the F 0 channel, and phosphorylates ADP to produce ATP. In other 
words, the enzyme uses the stored energy of A x F m to synthesize ATP, thus 
coupling respiration to ATP synthesis. A decreased proton gradient (decreased 
A 1 ?,,,) would result in decreased activity of the ATP synthase (18). Decreased 
activity in any ETC complex would disrupt the normal flow of electrons and the 
associated pumping of protons, thereby decreasing A'F,,,. When AT m decreases 
significantly, the ATP synthase reverses function and starts ATP hydrolysis in 
order to pump protons out of the matrix and restore AT^. This is critical for the 
mitochondrial survival since the proton gradient confers an osmotic gradient in 
addition to the electrical gradient, and thus decreased AT m results in 
mitochondrial swelling. This is not surprising if one thinks of the “relative 
independence” of the mitochondria, which are thought to be the descendants of 
a bacterial endosymbiont (18). 

The source of AOS production in mitochondria is complexes I and III (18). 
In some tissues, the primary source of AOS is complex I (7, 27) while in others, 
it is complex III (13, 49). The ETC complexes consist of many subunits. For 
example, complex I consists of 42 subunits, 7 of which are encoded by 
mitochondrial DNA (mtDNA) (18). Inhibition of the complex proximal to the 
site of AOS production site would cause a decrease in AOS production. 
Inhibition of the complex distal to this site would disrupt the flow of electron 
down the respiratory chain, diverting them to react with 0 2 and generate AOS. 
Mutations in several subunits of complex I have been described in many human 
muscular and neurodegenerative diseases that are associated with increased 
neuronal AOS production, including Parkinson’s disease (18). Fibroblast 
mitochondria from patients with complex I and complex III deficiency show 
increased superoxide production, but not mitochondria from patients with 
complex IV deficiency (45). Barrientos and Moraes used a genetic model (40% 
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complex I-inhibited human- ape xenomitochondrial hybrids ) and a drug-induced 
model (0-100% complex I-inhibited cells using different concentrations of 
rotenone) and showed a direct quantitative correlation between the level of 
complex I function, cell respiration, AOS production and A4 / m . Inhibition of 
complex I results in collapse of the proton gradient (decreased A 4^) and 
therefore decrease in the mitochondrial activity including decreased complex I 
activity, respiration, and AT m , and increased superoxide production (7). 

There are 3 forms of SOD: CuSOD found primarily in the cytoplasm, 
extracellular SOD present in the vascular wall, and MnSOD (55). Unlike the 
other two, MnSOD undergoes significant modulation. Dynamic induction of 
MnSOD occurs through a redox-sensitive mediator (44). Many patients with 
complex I (but not complex IV) deficiency have increased MnSOD levels (45). 
This is a defensive mechanism of the mitochondrion to the stress induced by the 
increased superoxide production that the patients display. It is possible therefore 
that differences in a cell's redox status might result in different levels of 
expressed MnSOD. 

5.3. Apoptosis 

Apoptosis or programmed cell death is a process through which multicellular 
organisms dispose of cells efficiently (8). This energy-dependent process is 
distinct from the more conventional necrotic death. Apoptosis occurs without 
loss of integrity of the plasma membrane, and so avoids inciting inflammatory 
responses due to spillage of cellular contents, as occurs with necrosis (8). 
Apoptotic cells are cleared in vivo by phagocytosis, with the dying cells literally 
being eaten alive, and the resulting corpses being digested so that the constituent 
components are recycled back into the body. The regulation of apoptosis can be 
simplified into two major pathways: receptor-mediated) (5) and mitochondria- 
dependent (22, 59). 

Mitochondria-dependent apoptosis, is initiated by the opening of the 
mitochondrial transition pore (MTP), a mega channel through which inducers of 
apoptosis including cytochrome c (a caspase activator), Smac (second 
mitochondria-derived activator of caspases, also known as DIABLO) and 
apoptosis inducing factor (AIF, a nuclease activator) leak to the cytoplasm (22, 
59). The MTP is formed at the contact of inner and outer mitochondria 
membrane and is composed of the adenine nucleotide translocator (ANT, located 
on the inner membrane, which is otherwise impermeable) and the voltage- 
dependent anion channel (VDAC, on the outer membrane site). Cyclophilin D 
(which is inhibited by cyclosporine A) is also a part of the pore on the 
mitochondrial matrix (59). A multitude of factors control the opening of the 
MTP, including A4 / m , Ca 2+ , pH, and redox signals, as well as anti- and pro- 
apoptotic members of the Bcl-2 family (59). Mitochondrial depolarization is 
associated with increased AOS production (as discussed above), and opening of 
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the MTP and leakage of cytochrome c. After it leaks into the cytoplasm, 
cytochrome c forms a complex with Apaf-1 and procaspase-9. The result is 
activation of caspase-9 which, in turn, activates caspase-3 and several other 
caspases to complete the process of apoptosis (22). 

An intriguing relation between the sarcolemmal K + channel activity (which 
regulates intracellular K + levels) and apoptosis has recently been shown in 
PASMC (31, 32, 46). Downregulation of K + channels in PASMC from patients 
with pulmonary arterial hypertension (PAH) contributes to apoptosis suppression 
by maintaining a high level of intracellular K + , and to the vascular remodeling 
that characterizes PAH (57). The inteiplay between mitochondria and the K + 
channels in the plasma membrane (that also exhibit significant diversity of 
expression within the pulmonary arterial tree (2)) will undoubtedly provide new 
insights in the pathogenesis and treatment of vascular disease. 

In summary, vascular SMC mitochondria, either by the production of AOS 
or by the opening of the MTP can regulate vascular tone and apoptosis, 
respectively. There is now evidence that induction of apoptosis might be a 
critical event in the regression of vascular remodeling (especially medial 
hypertrophy) that occurs in the treatment of vascular disease like pulmonary 
hypertension (15). Therefore, in addition to their role in vascular 0 2 sensing, 
mitochondria might be more important than recognized in both normal vascular 
function and vascular disease. 

6. A Comprehensive Study of Vascular Mitochondria 

Both the production of AOS and the opening of the MTP are directly related 
to mitochondrial respiration and mitochondrial A'Fn,. Therefore, measuring AOS 
production (using chemiluminescence, AmplexRed and DCF assays), respiration 
(with classic polarographic methods) and AT^ (using A'P m -sensitive dyes and 
dynamic multiphoton confocal imaging, which allows for measurement of A 4^ 
in situ in living cells) allows for a functional study of mitochondria. Along with 
perfused organs, tissue baths and isolated vascular SMC electrophysiology, these 
methods can be used for a comprehensive study of the role of mitochondria in 
vascular function. 

We used these methods and addressed the hypothesis that mitochondrial 
diversity exists within the vasculature and specifically between the pulmonary 
and systemic vascular beds (37). We speculated that such diversity might explain 
why the pulmonary and systemic circulations respond in opposing ways to 
hypoxia. In the oxygen sensing model described by Moudgil et al. (see Chapter 
9), PASMC mitochondria (the sensors) respond to changes in 0 2 tension by the 
production of AOS (the mediator) that tonically regulate the function of PASMC 
voltage-gated K + channels (K v , the effector) (3). Since K v channels are present 
in both the pulmonary and renal circulations (19, 21, 36) we speculated that the 
opposing responses to hypoxia might be due to differential production of AOS 
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between the PA and systemic vascular SMC in response to hypoxia. Furthermore 
potential differences in the tonic production of AOS at baseline (normoxia) 
might even help explain why the baseline pressure of the pulmonary circulation 
is lower compared to the systemic circulation. 

This hypothesis was based on the following previously described 
observations. First, the mechanism of 0 2 sensing lies within the vascular SMC 
and although modulated by endothelial or circulating factors, it occurs 
independent of them. Madden et al. have shown that pulmonary SMC contract 
and have increased intracellular Ca 2+ levels in response to hypoxia, while 
cerebral vascular SMC relax and have decreased Ca 2+ levels (35). Second, the 
only class of drugs that can mimic hypoxia in a variety of 0 2 -sensitive tissues 
(PA, ductus arteriosus, carotid body) is the group of inhibitors of the proximal 
ETC, i.e., rotenone and antimycin-A which block the AOS-producing complexes 
I and III, respectively (3). Both hypoxia and these inhibitors cause PASMC 
contraction, decreased AOS levels, and inhibition of K + currents (1,4). 

Rotenone mimics hypoxia constricting the pulmonary while dilating the renal 
circulation. Rotenone (5 pM) and physiological hypoxia (P0 2 , ~40 mmHg) both 
constrict pulmonary arteries (PA) whereas they dilate the renal arteries (RA) 
(Fig. 3 A). As shown in Figure 3 A, the lungs and kidneys of the rat are perfused 
in series with the same perfusate and while the flow is kept constant with pumps. 
This difference is independent of nitric oxide and prostaglandins since the 
experiments were performed in the presence of inhibitors of the endothelial nitric 
oxide synthase, and cyclooxygenase. In contrast, both vascular beds constrict to 
angiotensin II and 4-aminopyridine (4-AP, 5 mM), a K v channel blocker. 

Further evidence that the opposing response to hypoxia and rotenone is 
intrinsic to the SMC and independent of the endothelium, comes from tissue bath 
experiments. In endothelium-denuded vessels, rotenone and hypoxia causes PA 
constriction and RA dilation, while 4-AP constricts both artery types (37). 

6.1. Rotenone Mimics Hypoxic Inhibition of K + Current in PASMC 

Whole-cell patch clamping in freshly isolated SMC from resistance PA and 
RAs shows that rotenone inhibits outward K + current (/ K ) in PA while it activates 
/ K in RASMC (Fig. 3B). The effects of both hypoxia end rotenone are rapid, 
occurring within 5 minutes. These data are in agreement with earlier work 
showing that metabolic inhibitors decrease PASMC but not systemic 
(mesenteric) vascular SMC current (58). 

The facts that most of the 0 2 ~sensitive channels are present in both the PA 
and RA, and that 4-AP constricts both vessels (19, 21, 36), suggest that the 
opposing responses to hypoxia are likely not due to a differential expression of 
K v channels. Rather, the opposing responses to hypoxia might be due to 
differences in the 0 2 sensor (i.e., the mitochondria) that perhaps results in the 
differential regulation of the effector of 0 2 sensing (i.e., AOS). 
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Figure 3. Divergent effects of rotenone and hypoxia on renal (RAP) versus pulmonary (PAP) 
arterial pressure (A) and on K + currents (I K ) in PASMC and MASMC (B). A: A representative 
trace and mean data from the isolated perfused lung-kidney model are shown. Rotenone (5 pM) 
and hypoxia (Po 2 , 40 mmHg) increase PAP and decrease RAP in the presence of L-NAME and 
meclofenamate. 4-AP (5 mM) and angiotensin II (All, 0. 1 pg/50 pi bolus) increase both RAP and 
PAP. B: Hypoxia and rotenone increase whole-cell I K in PASMC but decrease I K in RASMC. In 
contrast, 4-AP inhibits I K in both PASMC and RASMC (From Ref. 37). 



6.2. Differential Regulation of Mitochondrial AOS and H 2 0 2 Production 
between Pulmonary and Renal Arteries 

We measured the baseline levels of AOS production (during normoxia) as 
well as the effects of hypoxia and ETC inhibitors in isolated, denuded, resistance 
PA and RA rings using three independent methods: 

a). Lucigenin-enhanced chemiluminescence, which preferentially detects 
superoxide anion levels (34), shows that baseline AOS levels are significantly 
higher in the PA compared to the RA, even after incubation with 1 pM 
diphenyliodoniunr (DPI), an inhibitor of NAD(P)H oxidase (16) (Fig. 4). 
Rotenone’ s effects on the production of AOS parallel those of hypoxia. They 
both decrease AOS production in isolated PA rings, confirming previous studies 
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on whole lung preparations (1). In contrast, hypoxia and rotenone increased AOS 
production in the RA (Fig. 4), confirming studies in other systemic arteries, such 
as coronary arteries (29). 

b). The AmplexRed assay and the DCF (2',7'-dichlorofluorescin diacetate) 
fluorescence assay, which are specific for H 2 0 2 show that, concordant with the 
chemiluminescence data, the production ofH 2 0 2 is higher in the PA versus the 
RA at baseline. Once again, proximal ETC inhibitors (rotenone and antimycin 
A, 50 |iM) mimic hypoxic effect and decrease the production of H 2 0 2 in the PA. 
Flowever, neither hypoxia nor the proximal ETC blockers alter the production 
of H 2 0 2 in the RA (Fig. 4). Cyanide (1 pM), a distal ETC complex IV blocker, 
does not affect H 2 0 2 production in the PA and RA. Interestingly, we observed 
a significant auto-fluorescence of the aqueous sodium cyanide solution itself at 
a higher dose (10 pM) which prevented us from using this dose (37). 





Figure 4. Differences of mitochondria-derived activated oxygen species (AOS) production in 
pulmonary (PA) and renal (RA) arteries. A: Lucigenin-enhanced chemiluminescence at normoxic 
baseline is higher in PA than in RA rings without endothelium (f P<0.001) in the absence or 
presence of the NAD(P)H oxidase inhibitor DPI (* P<0.05). Rotenone and hypoxia (Po 2 , 40 
mmHg) decrease AOS in PA (fPO.Ol) and increase AOS in RA (** P<0.05). B: PA produces 
more H 2 0 2 than RA (f P<0.01). Hypoxia and antimycin A decrease H 2 0 2 production in PA (f 
P<0.05) but not in RA (From Ref. 37). 



To further show that the differences of the AOS production are intrinsic to 
the mitochondria, we isolated mitochondria from lungs and kidneys. The 
production of AOS and H 2 0 2 from isolated mitochondria was measured with 
lucigenin-enhanced chemiluminescence and AmplexRed. Once again, the lung 
mitochondria produced more AOS and H 2 0 2 than the kidney mitochondria and, 
while hypoxia and proximal ETC inhibitors decrease AOS and H 2 0 2 in the lung, 
they do not in the kidney (Fig. 5A). In addition, in agreement with the vessel 
data, the complex IV ETC blocker cyanide (CN') does not alter AOS production, 
confirming previous reports (1) (Fig. 5A). These data are also consistent with 
complexes I and III, but not IV, being the major sites of AOS production within 
the ETC (18). 
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Figure 5. Lung mitochondria produce more AOS and are less active than kidney mitochondria. 
A: Lucigenin-enhanced chemiluminescence (a) indicating AOS production in the lung and kidney 
mitochondria in the absence or presence of cyanide (CN) or antimycin (* P<0.05). The catalase- 
sensitive production of H 2 0 2 ( b ) measured by AmplexRed in the lung and kidney mitochondria 
(*P< 0.05). B: The baseline respiration is greater in kidney mitochondria than in lung 
mitochondria. Rotenone and antimycin A inhibit respiration in both organs (f P<0.0 1 , * P< 0.05). 
Glutamate (10 mM) and succinate (2.5 mM) were used as substrates (From Ref. 37). 



6.3. The RA and Kidney Mitochondria Have Higher Respiratory Rates and 
More Hyperpolarized Membrane Potentials Than Those in the PASMC and 
Lungs 

Why would the two groups of mitochondria have different levels of AOS 
production? Since the AOS production is linked with mitochondrial respiration, 
we studied 0 2 consumption in both lung and kidney mitochondria. We show that 
lung mitochondria have significantly lower rates of respiration, compared to 
kidney mitochondria (Fig. 5B). Rotenone and antimycin A inhibit respiration in 
both lung and kidney mitochondria. Care was taken to study the same amount of 
mitochondria for both tissues, based on the protein content. Because of the tissue 
characteristics of lungs versus kidneys, the mitochondria isolation process could 
theoretically have resulted in preferential damage of one preparation versus the 
other, complicating any comparison. We therefore used two different assays to 
ensure that the quality of the mitochondria is similar in both preparations. Both 
preparations have almost identical respiratory control ratios and lysed/intact 
NADH-supported respiration ratios (17, 41). We isolated organ mitochondria 
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because it is impossible to isolate adequate mitochondria from the small 
resistance rat PA and RA. Interestingly the data are in agreement with the 
measurements in isolated vessels, perhaps suggesting that the redox and 
metabolic environments of each organ parallel those of their vasculature. 

We did however study vascular mitochondria in situ in freshly isolated 
PASMC and RASMC. As discussed above, the AOS production correlates with 
and respiration, in that lower respiration is associated with depolarized A^ 
and higher AOS levels. Using two different AT^-sensitive dyes (JC-1 and 
TMRM), we showed that mitochondria from RASMC have significantly higher 
A^m than mitochondria from PASMC under identical loading and imaging 
conditions. Extensive filamentous networks of mitochondria throughout the 
cytoplasm are shown in the representative pictures in Figure 6A. When the SMC 
were superfused with a hypoxic solution, the PASMC mitochondria 
hyperpolarized whereas the RASMC mitochondria depolarized (Fig. 6B). 



A 



PASMC RASMC 





Figure 6. Mitochondrial membrane potential (A'PJ is more negative in RASMC than in PASMC. 
A: JC-l-loaded PASMC and RASMC. B: Mean data (as the ratio of the relative fluorescent units 
in the green and red channels) showing baseline A^ ro in PASMC and RASMC (a). Hypoxia 
hyperpolarizes PASMC mitochondria and depolarizes RASMC mitochondria (b). *P< 0.05, 
**P<0.0001 vs. PASMC (From Ref. 37). 



7. The PA Mitochondria Express Less Complex I and III 
Subunits but More MnSOD than the RA Mitochondria 

The depolarization in mitochondria is likely a direct result of the decreased 
respiration, since decreased activity of the ETC would result in less H + pumped 
out of the inner membrane while, at the same time, the electrons are not flowing 
down the ETC and are readily available to react with molecular 0 2 to generate 
more AOS. Although we did not study ETC complexes’ activity, we compared 
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the expression of specific subunits of complexes I and III and showed that, in the 
PA, there is, as expected, less of both complexes I and III. At the same time, 
MnSOD protein expression is much higher in the PA than the RA, while 
MnSOD mRNA expression is higher in RA than in PA (Fig. 7). This is in 
agreement with our previous observations since MnSOD is known to be 
dynamically regulated and it is upregulated when the superoxide levels are high, 
as it occurs in the PA. It also explains the results shown in Figure 4 where, while 
the superoxide levels increase with hypoxia in the kidney mitochondria, the H 2 0 2 
levels do not. This might be because there is inadequate level of MnSOD 
expression that is required for the conversion of superoxide to H 2 0 2 . 





Figure 7. Differences in the expression of mitochondrial proteins in PA and RA. A: Immunoblot 
analysis showing that the expression of complex 1 (NADH ubiquinol oxidoreductase, 39 kDa 
subunit) and III (ubiquinol cytochrome c oxidoreductase, subunit 1) in PA and RA. B: RT-PCR 
(a) and immunobloting ( b ) analysis of MnSOD in PA and RA. 

The findings discussed support many of the known features of vascular 0 2 
sensing. The high level of H 2 0 2 production at baseline in the PA could explain 
the relatively dilated (low pressure) state of the pulmonary circulation in 
comparison to its systemic counterpart. Tonically produced H 2 0 2 from the 
proximal ETC can diffuse to the cytoplasm and cause K + channel activation, 
PASMC hyperpolarization, decreased opening of voltage-gated Ca 2+ channels, 
decreased [Ca 2+ ]j levels, and vasodilation. During acute hypoxia, the tonic 
production of this mitochondrial-derived vasodilator (H 2 0 2 ) decreases, thus 
promoting / K inhibition and vasoconstriction, i.e., hypoxic pulmonary 
vasoconstriction. In contrast, a hypoxia-induced increase in AOS (Fig. 4A) 
would increase / K (20) in renal arterial smooth muscle cells and promote RA 
vasodilation (Fig. 3A). 
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8. Unanswered Questions 

a ) Based on knowledge derived from human and animal disease models, are 
PASMC a case of “congenital proximal ETC deficiency”? The difference 
between PA and RA mitochondria is analogous to the comparison of 
mitochondria from healthy subjects versus patients with ETC complex 1 
deficiency. Fibroblasts from complex 1 deficient patients have increased 
mitochondria-derived AOS production compared with controls (7, 45). In 
addition, their fibroblasts exhibit impaired mitochondrial function, as reflected 
by depolarized A'P,,, (7, 45). Furthermore, superoxide-induced MnSOD is 
upregulated in these patients (45). The normoxic PASMC, like the fibroblasts 
from patients with complex I deficiency, have (compared to the kidney) 
decreased levels of complex I (Fig. 7), decreased mitochondrial respiration (Fig. 
5B), and depolarized AT m (Fig. 6). Fung mitochondria also make more 
superoxide and H 2 0 2 than the kidney mitochondria (Fig. 5 A). The PA’s higher 
oxidative stress is associated with an apparently homeostatic induction of 
MnSOD expression (Fig. 7). 

The relative decrease in the expression of proximal ETC complexes in the 
PA, compared to the RA, might be under genetic control, but since some of the 
ETC subunits are encoded in the mitochondria and some in the nucleus, it is not 
known whether this is a “genetic” difference, based on nuclear or mitochondrial 
DNA. Several transcription factors tightly regulate the coordination of the 
expression of nuclear and mitochondrial genes in order to form the very complex 
ETC multiple subunit complexes (40). Many respiratory genes have consensus 
regulatory sequences for the transcription factors nuclear respiratory factors 
(NRF-1 and 2). NRF-1 sites also exist in the promoters of regulators of mtDNA 
replication, particularly mitochondrial transcription factor A (Tfam) (48). AOS 
and intracellular Ca 2+ are also important modulators of these transcription factors, 
although more research in needed in this field (40). The tight regulation and 
coordination of mitochondrial genes by the nucleus perhaps reflects their 
endosymbiotic origin; mitochondria are thought to have arisen 1.5 billion years 
ago from a symbiotic association between a glycolytic proto-eucaryotic cell and 
an oxidative bacterium. 

b) Are the differences in PASMC and RASMC mitochondrial function a 
result of the difference redox and 0 2 environments of the lungs and kidneys? On 
the other hand, significant ETC inhibition might result from the higher AOS 
levels in the PASMC. This is possible because the proximal ETC complexes are 
rich in thiols, making these complexes redox-sensitive. In other words, the 
differences in the function of mitochondria between the PASMC and RASMC 
could be a result of the differences in the redox -environment of the two organs. 
As a result of the higher levels of 0 2 that the resistant pulmonary circulation is 
exposed to compared with the systemic circulation, the lung resistance 
circulation resides in a more oxidized redox state. This is supported by the 
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significantly higher levels of expressed reduced glutathione (GSH) in the lung 
versus the kidney (37). 

Furthermore, as discussed earlier, changes in 0 2 levels might regulate the 
expression of ETC complexes. As shown in Figure 2, the expression of complex 
IV-2 dramatically increases in the lung at the transition from the fetal (low 0 2 ) 
to the postnatal (high 0 2 ) life. 

9. Conclusion 

The concept of mitochondrial diversity in the vasculature is new and requires 
further study as it is likely relevant to other aspects of vascular function. In 
addition to its role in vascular 0 2 -sensing the diversity concept may have 
implications for apoptosis, vascular wall remodeling or ischemia-reperfusion 
injury. It remains to be shown whether this mitochondrial diversity is due to a 
genetic difference intrinsic to the mitochondria or a result of the different redox 
environment that the PA are exposed to, compared to the RA. 
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1. Introduction 

Pulmonary arteries feed the lung in mammals and cany the entire output 
from the right side of the heart. In common with arteries that feed the gills of 
cyclostomes such as the Pacific hagfish and sea lamprey (64), and the skin of 
Xenopus (57), pulmonary arteries constrict in response to hypoxia and thereby 
regulate blood supply to the primary sites of gaseous exchange (81). In mammals 
this process has been termed hypoxic pulmonary vasoconstriction (HPV), and 
serves to aid ventilation perfusion matching (see Chapter 6). It is important to 
note, however, that a variety of 0 2 -sensing cells are present in the peripheral 
systems of mammals in addition to pulmonary artery smooth muscle and 
endothelial cells, respectively. These include carotid and aortic body cells, neuro- 
epithelial bodies and erythropoeitin (EPO)-producing cells, respectively. 

Glomus cells within the carotid and aortic bodies monitor arterial Po 2> in 
addition to plasma pH, and are activated by physiological hypoxia. Carotid 
bodies are located at the bifurcation of the common carotid artery, and aortic 
bodies are located at the aortic arch. Stimulation of these peripheral chemo- 
receptors activates sensory afferent fibres that terminate in the dorsal group of 
respiratory neurons in the nucleus tractus solitarius of the medulla. Activation of 
these fibres increases ventilatory and vasomotor outflow from the solitary tract, 
thereby optimizing 0 2 supply to the tissues (30). 

Neuroepithelial bodies form highly specialized cell structures within the lung 
parenchyma and airway epithelia (50, 51). They are primarily located at the 
points of bifurcation within the airways of the lung, are activated by airway 
hypoxia (28, 92), and may integrate with the central nervous system via vagal 
afferents (3,51, 82). Thus, neuroepithelial bodies, by releasing transmitters, may 
in turn trigger a reflex increase in ventilation to compensate for a relative 0 2 
deficit in the airways (28, 92). 

EPO-secreting cells are mainly located in the kidney, although extrarenal 
cells are located in, for example, the fiver. EPO cells also monitor arterial P0 2 , 
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and increase secretion of EPO in response to hypoxia. EPO then activates 
erythropoiesis at the bone marrow, leading to an increase in circulating 
erythrocytes. Thus, the 0 2 carrying capacity of the blood is increased in line with 
demand (31, 42, 73). 

Together, the 0 2 -sensing tissues derived, in paid, from each of the 
aforementioned cell types, function to maintain 0 2 supply to the body within an 
acceptable physiological range. While their respective roles and the precise 
nature of their response to hypoxia may differ, it seems likely that each cell type 
may share a common sensor that may couple 0 2 -dependent changes in cell 
metabolism to Ca 2+ signaling pathways that effect the end response. 

It seems equally likely, however, that the metabolic sensor(s) in question 
plays an integral role in the regulation of cellular activity in general, with the 
precise nature of the signaling cascade tailored to suit the function of a given cell 
type. The acute sensitivity of 0 2 -sensing cells to relatively small changes in Po 2 
may be determined, therefore, by the “metabolic setting” of these cells within 
their respective physiological range of Po 2 . 

Within the present chapter, I will discuss the possible mechanisms by which 
hypoxia may alter cellular metabolism in pulmonary artery smooth muscle, and 
thereby promote acute HPV. The wider implications of metabolic regulation of 
cell signaling in 0 2 -sensing cells in general will then be considered. 

2. Hypoxic Pulmonary Vasoconstriction 

As mentioned previously, pulmonary arteries constrict in response to hypoxia 
and thereby regulate blood supply to the primary sites of gaseous exchange (81). 
Thus, HPV aids ventilation perfusion matching in the lung. In isolated 
pulmonary arteries, HPV is biphasic (Fig. 1A). Thus, hypoxia induces an initial 
transient constriction, which is then followed by a slow tonic constriction. It is 
apparent that HPV is a multifactorial process, with at least three discrete 
components of constriction (Fig. 1A) (22, 26). Our findings suggest that an 
initial transient (component 1) and maintained plateau (component 2) 
constriction are respectively promoted by direct effects of hypoxia on pulmonary 
artery smooth muscle (22, 23, 90). These components appeal' to be driven by 
two discrete mechanisms of Ca 2+ release from the sarcoplasmic reticulum (SR). 
Full progression of HPV is then ensured by release of an endothelium-derived 
vasoconstrictor (component 3) (22, 26; see Chapters 6 and 12). 

3. Mobilization of SR Ca 2+ Stores by Hypoxia in Pulmonary 
Artery Smooth Muscle 

Our findings are consistent with the view that hypoxia mobilizes smooth 
muscle SR Ca 2+ stores by at least two discrete mechanisms, and thereby initiates 
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HPV. The initial transient constriction of isolated pulmonary arteries by hypoxia 
(component 1), appears to be mediated by metabolic inhibition of an SR Ca 2+ 
ATPase (SERCA) subtype that serves the peripheral SR proximal to the plasma 
membrane, or by an as yet unidentified mechanism. In marked contrast, we have 
provided strong evidence to support our assertion that maintained smooth muscle 
constriction by hypoxia (component 2) is mediated by sustained Ca 2+ release 
from a central SR compartment. And that this results from, at least in paid, 
activation of ryanodine receptors (RyRs) by cyclic adenosine diphosphate-ribose 
(cADPR), a Ca 2+ mobilizing messenger derived from P-NAD 4 ' (55). 
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Figure 1. Three components of HPV, the distribution of the enzyme activities for cADPR 
production and metabolism in pulmonary versus systemic arteries, and increased cADPR 
accumulation in pulmonary arteries by hypoxia. A: Three components of constriction by hypoxia 
of isolated pulmonary arteries; 1 , cADPR-independent SR Ca 2+ release in the smooth muscle; 2, 
cADPR-dependent SR Ca 2+ release in the smooth muscle; 3, release of an endothelium-derived 
vasoconstrictor. B and C: Synthesis of cADPR from p-NAD' (B) and metabolism of cADPR (C) 
in smooth muscle homogenates from a series of pulmonary (PA) and mesenteric (MA) arteries. 
D: Relative cADPR levels in 2nd and 3rd order branches of the pulmonary artery, respectively, 
during normoxia (Nor) and hypoxia (Hyp). 



Our findings therefore suggest that cADPR accumulation by hypoxia 
represents one of a number of diverging processes that may or may not be of 
primary importance to the regulation of a given type of 0 2 -sensing cell. This is 
clear from the finding that cADPR does not appear to play a primary role in 
mediating the initial transient constriction of pulmonary artery smooth muscle 
by hypoxia, or in mediating vasoconstrictor release by hypoxia from the 
pulmonary artery endothelium (see Chapter 6 and 12). Thus, regulation by 
hypoxia of cADPR accumulation likely represents a point of bifurcation in the 
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proposed 0 2 -sensitive signaling cascade within pulmonary artery smooth muscle. 
We will proceed, therefore, with the premise that a common metabolic signaling 
pathway exists in all cells, and that this may promote, among other events, 
cADPR accumulation by hypoxia in a manner dependent on the “metabolic 
setting” of a given cell. If this is the case, identification of the precise mechanism 
by which hypoxia regulates cADPR synthesis will lead us to the identification 
of the “primary metabolic sensor” and “primary effector”, respectively, in 0 2 - 
sensing cells. 

4. Functional Significance of the Differential Distribution of the 
Enzyme Activities for the Synthesis and Metabolism of cADPR 
in Pulmonary and Systemic Artery Smooth Muscle 

As mentioned previously, we have identified a role in HPV for cADPR, a P* 
NAD + metabolite and an endogenous regulator of RyRs. Our experiments have 
shown that hypoxia increases cADPR accumulation in pulmonary artery smooth 
muscle, and thereby initiates maintained SR Ca 2+ release and consequent 
constriction via the activation of RyRs (22, 55, 90; see Chapter 6). 

Consistent with the view that cADPR acts as a mediator of HPV, we found 
the enzyme activities for the synthesis (ADP-ribosyl cyclase/CD38) and 
metabolism (cADPR hydrolase) of cADPR to be an order of magnitude higher 
in homogenates of pulmonary artery smooth muscle when compared with 
homogenates of systemic artery smooth muscle (Fig. IB and C) (90). These 
findings are consistent with the idea that, on exposure to hypoxia, activation of 
the primary metabolic sensor will lead to a greater level ofcADPR accumulation 
in pulmonary artery smooth muscle in general, than in systemic artery smooth 
muscle. As a consequence the mobilization of SR Ca 2+ stores by cADPR will be 
greater in pulmonary when compared with systemic artery smooth muscle. The 
differential distribution of the enzyme activities for cADPR synthesis and 
metabolism could therefore underpin, at least in part, pulmonary artery 
constriction (81) and systemic artery dilation (74) by hypoxia, respectively (see 
Chapter 6). This may be determined by the absolute level of the enzyme 
activities for cADPR accumulation and/or their spatial localization within 
pulmonary and systemic artery smooth muscle, respectively. Such findings 
would be consistent with my proposal that the metabolic sensor(s) and primary 
effector(s) are likely common to all cells, with cADPR accumulation offering, 
in part, the pulmonary selectivity required of a mediator of HPV. 

We have also identified a differential distribution with respect to the enzyme 
activities for cADPR synthesis and metabolism within the pulmonary arterial tree 
itself. In short, the level of these activities was inversely related to pulmonary 
artery diameter (Fig. IB and C) (90), as indeed is the magnitude of pulmonary 
artery constriction by hypoxia (45). Thus, metabolic activation of these enzyme 
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activities may also provide an amplification ofcADPR accumulation and thereby 
SR Ca 2+ release in near-resistance-sized pulmonary arteries when compared with 
that observed in the larger conduit arteries. We may thereby account for the 
increased magnitude of vasoconstriction by hypoxia in distal segments of the 
pulmonary arterial tree. Consistent with this proposal, we found the increase in 
cADPR levels by hypoxia to be 2 fold in smooth muscle homogenates from 2nd 
order branches of the pulmonary arterial tree, and 10 fold in those from 3rd order 
branches (Fig. ID) (90). 

5. Metabolic Regulation of cADPR Accumulation 

Despite extensive investigations, we have yet to determine the precise 
mechanism by which hypoxia regulates cADPR accumulation. It seems likely 
that a change in the metabolic state of pulmonary artery smooth muscle will 
mediate this effect via one or a group of primary “metabolic sensor.” In 
subsequent sections of this chapter, therefore, I will review the information 
currently available to us, in an effort to determine the likely identity of the 
“metabolic sensor(s)” and “metabolic effector(s)” involved. 

When considering the possible mechanisms by which changes in cell 
metabolism may regulate cell activity, a logical place to start would be with a 
general consideration of the process of cellular 0 2 utilization and energy 
production (ATP) under normoxic conditions, with particular reference, as 
required, to arterial smooth muscle. 

As we have all been informed from cradle to laboratory, there are two 
primary pathways to consider in this respect, namely glycolysis and oxidative 
phosphorylation by mitochondria, respectively. The activity of each pathway is 
inextricably linked, inversely with respect to anaerobic metabolism, due to 
homeostatic mechanisms that seek to maintain the desired cellular energy state. 

6. Glycolysis 

Glycolysis describes the first step in the process by which cells utilize 
glucose to provide for their energy needs. Glucose uptake by cellular glucose 
transporters (GLUT), is followed by a sequence of enzymatic reactions that 
constitute glycolysis (Fig. 2). The initial steps in glycolysis are catalyzed by 
hexokinase and phosphofructokinase, respectively, each of which utilize a 
molecule of ATP to provide the necessary energy for completion of their role in 
glucose metabolism. The next step is driven by glyceraldehyde 3-phosphate 
dehydrogenase and results in the reduction of 2 molecules of fl-NAD + to yield 
2 molecules of (3-NADH, which either enter mitochondria via the malate 
aspartate shuttle or are utilized by lactate dehydrogenase. The final steps in the 
process, driven by phosphoglycerate kinase and pyruvate kinase respectively, 
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produce 2 molecules of ATP each and generate the final product of glycolysis, 
pyruvate. Thus, glycolysis yields a total of 2 molecules of ATP. Clearly, 
glycolysis is an intensive process that provides for only limited ATP production 
per cycle. Significantly, however, vascular smooth muscle exhibits a greater 
dependence on glycolysis than other cell types. In fact, at least 30% of the ATP 
requirement of smooth muscle may be supplied by glycolysis during normoxia, 
and this can account for as much as 90% of glucose utilization (38, 68). 





Figure 2. Glycolysis and oxidative-phosphorylation by mitochondria. GLUT, glucose transporter; 
MAS, malate aspartate shuttle; PC, pyruvate carrier; AS, ATP synthetase; AT, ATP translocase; 
I, II, III and IV, each complex of the mitochondrial electron transport chain; e', electron transport 
from complex I and II to complex III via coenzyme Q/ubiquinone, and from complex III to 
complex IV via cytochrome c, respectively. 



An important consideration with respect to 0 2 -sensing is that this high level 
of glycolysis may lead to the generation of substantial amounts of lactate, which 
must then be removed from the cell (see below). This is because pyruvate 
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derived from glycolysis has two possible fates. It can enter mitochondria via the 
pyruvate carrier, where it is dehydrogenated to yield acetyl CoA for the Krebs 
cycle. Alternatively, pyruvate, when surplus to mitochondrial requirements, may 
be broken down by lactate dehydrogenase to form lactate. 

7. Oxidative Phosphorylation by Mitochondria 

Oxidative phosphorylation by mitochondria is driven, in part, by acetyl CoA, 
which is derived from pyruvate (Fig. 2). Acetyl CoA enters the Krebs cycle 
where cycles of substrate dehydrogenation lead to the reduction of P-NAD + to 
P-NADH. Together with P-NADH derived from glycolysis, this provides 
electrons and protons for the electron transport chain (ETC) on oxidation of P- 
NADH at complex I. In addition, FADH 2 , produced by succinate dehydrogenase, 
provides electrons and protons for the ETC upon oxidation at complex II. 
Transfer of electrons then occurs between complexes I-IV in the inner 
mitochondrial membrane. The final step in this process is electron transfer to 0 2 
by complex IV and the associated reduction of 0 2 to H 2 0. According to 
Mitchell’s chemiosmotic theory (61), electron transfer drives proton pumps at 
complex I, III and IV, respectively, resulting in a proton gradient across the inner 
mitochondrial membrane. The proton gradient drives proton influx back into the 
mitochondria via proton (F 0 ) channels associated with ATP synthase. Subsequent 
activation of ATP synthetase leads to the production of ATP from ADP: 

P-NADH + H + + 3 ADP + 3Pj+ 0.5O 2 -* p-NAD + + 3ATP + H 2 0 

Oxidative phosphorylation by mitochondria is a far more efficient method of 
ATP production when compared to glycolysis. The generation of 38 ATP 
molecules per cycle is testimony to this fact. However, it is important to note that 
arterial smooth muscle cells contain a relatively small number of mitochondria. 
This may be why vascular smooth muscle exhibits a relatively high dependency 
on glycolysis under aerobic conditions (38, 68). This relative shift in dependency 
from oxidative phosphorylation to glycolysis in vascular smooth muscle not only 
suggests that ATP production by glycolysis is important under normoxic 
conditions, but that glycolysis may afford the increased tolerance of vascular 
smooth muscle to prolonged hypoxia when compared to other cell types. In 
systemic arteries this has been linked to the need to maintain adequate blood 
supply to the tissues (38, 68). However, this may also point to a primary role for 
glycolysis in maintaining the energy state of pulmonary artery smooth muscle 
during hypoxia and, therefore, to the importance of glycolysis to the 
development ofHPV. 
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8. ATP Mobility 

ATP has limited mobility within cells, and thus tends to be concentrated 
around the sites of production, with the sites of production being close to primary 
sites of utilization. However, ATP translocation is enhanced, indirectly, by the 
phosphocreatine shuttle. A high-energy bond is transferred from ATP to creatine 
at the site of ATP production to yield phosphocreatine. The greater mobility of 
phosphocreatine allows for the transfer of the high-energy bond to ADP at 
relatively distant sites of utilization. This reversible process is known as the 
creatine kinase reaction (16), and is catalyzed by creatine kinase: 

ATP + Creatine *-+ Phosphocreatine + ADP + H + 

The mere fact that the phosphocreatine shuttle is required to transport ATP from 
the primary sites of production to distant sites of utilization, tells us one thing. 
In short, on exposure to hypoxia it is likely that there will be a relative ATP 
deficit between those cellular compartments that are some distance from the sites 
of ATP production, when compared to those cellular compartments within which 
ATP production is concentrated. Not surprisingly, therefore, there is evidence to 
suggest that both ATP production and utilization are compartmentalized within 
smooth muscle (12, 38, 68). Furthermore, we cannot rule out the possibility that 
0 2 -sensing cells may preferentially supply glucose to certain cellular 
compartments when exposed to hypoxia. 

9. Compartmentalization of Energy Production 

It has been suggested that membrane bound glycolytic enzymes restrict 
glycolysis to the plasma membrane, and that changes in glycolysis may primarily 
modulate membrane associated mechanisms (38, 68). However, recent studies 
have also demonstrated that there are two glycolytic pathways within vascular 
smooth muscle cells, one serving the subplasmalemmal space whilst the other 
serves the center of the cell (12). The relative dependence of vascular smooth 
muscle on ATP production by glycolysis suggests that these divergent glycolytic 
pathways may play an important role in determining the regulation by hypoxia 
of distinct processes in different cellular compartments. Such compartmenta- 
lization may be facilitated by the limited mobility of ATP. 

There is also evidence to suggest that mitochondria may be localized in 
particular cellular compartments, and that there may be a particularly close 
association between mitochondria and the SR (20, 17, 33). Furthermore, it has 
been suggested that multiple mitochondrial subtypes may serve different cellular 
compartments, raising the possibility that each subtype may support discrete 
cellular functions (17, 25, 60). Indirect support for this viewpoint may also be 
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derived from the finding that mitochondrial DNA in cells which exhibit a high 
dependence on glycolysis may differ from that found in other cell types (4). 

10. Effects of Hypoxia on the Cellular Energy State 

Logically, on exposure to hypoxia the primary point at which one would 
expect cellular 0 2 deficit to impact is at the mitochondria, and more specifically 
at the point of oxidative phosphorylation. This is clear from the fact that the 
terminal cytochrome oxidase has a high affinity for 0 2 , and is, therefore, 
sensitive to even moderate hypoxia. Herein, the sequence of events that seek to 
maintain homeostasis with respect to the cellular energy state are relatively well 
characterized. We should be aware, however, that although oxidative phos- 
phorylation by mitochondria is inhibited by hypoxia, it likely continues to 
contribute to ATP supply i.e. whilst 0 2 is available oxidative phosphorylation 
will occur during hypoxia, albeit at a reduced rate. 

10.1. Increased Glucose Uptake and Acceleration of Glycolysis 

Investigations into the effect of hypoxia on skeletal muscle have 
demonstrated that glucose uptake is increased and glycolysis accelerated (14). 
There is also evidence to suggest that active glucose uptake is facilitated and 
glycolysis accelerated by hypoxia in pulmonary artery smooth muscle and/or 
endothelial cells (52, 54). This is not surprising, since glycolysis is rate- 
determined by glucose uptake in the lung (70). In bladder smooth muscle, it was 
reported that at least 60% of ATP production may be derived from glycolysis 
during hypoxia (87). Furthermore, it would appeal - that ATP production by 
glycolysis and other supporting mechanisms, may be sufficient to compensate 
for a fall in ATP production by oxidative phosphorylation, and sufficient to 
support maximal contraction (87). Consistent with this viewpoint, we have 
demonstrated that constriction by K + (i.e., depolarization-induced Ca 2+ influx via 
voltage-gated Ca 2+ channels) remains unaffected during hypoxia (22, 23). 
Indirect support for a primary role for glycolysis in HPV may also be derived 
from the finding that increased glucose levels may augment HPV, whilst their 
reduction or direct inhibition of glycolysis, respectively, may attenuate HPV (88, 
93). In addition, it has been noted that hypoxia increases glucose uptake into 
systemic arteries to a lesser extent than in pulmonary arteries (52, 54). 

Investigations on 0 2 -sensing cells have also provided indirect support for the 
view that hypoxia accelerates anaerobic glycolysis. Thus, hypoxia has been 
shown to increase 0-NADH levels in all 0 2 -sensing cells from which measures 
have been taken (5, 11, 79, 92). This is probably a consequence of both 
inhibition of oxidative phosphorylation by mitochondria and acceleration of 
glycolysis, and likely reflects an increase in mitochondrial and cytoplasmic [3- 
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NADH, respectively. As a result, we may observe reduced P-NADH oxidation 
and pyruvate utilization by mitochondria, allied to saturation of lactate dehydro- 
genase by pyruvate and/or limitations associated with lactate excretion. 

Pyruvate + P-NADH + H + <-* Lactate P-NAD + 

Although it is clear that glycolysis is accelerated and that glycolytic ATP 
generation may be sufficient to support maximal smooth muscle contraction 
when combined with a reduced rate ofmitochondrial oxidative phosphorylation, 
it is important to note that other processes contribute to the maintenance of the 
cellular energy state. 

10.2. The Adenylate Kinase Reaction 

During hypoxia, a fall in ATP production by oxidative phosphorylation will 
also be compensated for by the conversion of 2 molecules of ADP to ATP. This 
is known as the adenylate kinase reaction: 

ADP + ADP — > ATP + AMP 

Significantly, for every molecule of ATP generated, the cell produces one 
molecule of AMP (see below). 

11. The “Metabolic Setting” in 0 2 -sensing Cells 

The acute sensitivity of 0 2 -sensing cells to relatively small changes in Po 2 , 
is likely determined by their respective “metabolic setting” (e.g., basal glycolytic 
and mitochondrial activities, and the levels of metabolic intermediates such as 
ATP, ADP, AMP, P-NAD + , P-NADH). Given their variety in both form and 
function, therefore, it is important to note that while the primary elements of the 
signaling cascade may be common to all 0 2 -sensing cells, the physiological 
range of normoxic and hypoxic Po 2 , respectively, experienced by a given cell 
type will differ. As a consequence, the metabolic setting in each cell type may 
also differ at a given P0 2 . Thus, when considering the regulation of a given cell 
type by hypoxia, we must ensure that the precise physiological range of Po 2 
experienced by a particular cell type is adhered to. Furthermore, when studying 
the modulation by hypoxia of mitochondrial function and glycolysis, 
respectively, we must consider the impact on the metabolic setting of any 
physiological or pharmacological manoeuvre, before we draw conclusions as to 
the nature of the 0 2 -sensor or the mechanism of 0 2 -sensitive signaling. 
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12. Metabolic Regulation of Ca 2+ Signaling and cADPR 
Synthesis in Pulmonary Artery Smooth Muscle 

Given that cells may contain different mitochondrial subtypes it is possible 
that mitochondria, or a subset of mitochondria, within 0 2 -sensing cells may be 
particularly sensitive to hypoxia due to a relatively high affinity of their terminal 
cytochrome for 0 2 , and/or then - initial “metabolic setting”. Furthermore, different 
mitochondrial subtypes may serve different cellular compartments in 0 2 -sensing 
cells, and may contribute to the differential regulation ofthese compartments in 
response to hypoxia. Subsequent acceleration of two compartmentalized 
glycolytic pathways, one serving the subplasmalemmal space and one the center 
of the cell, may offer even greater compartmentalization with respect to the 
regulation of cell activity by hypoxia. Compartmentalization of energy supply 
may be further enhanced by limited ATP mobility and by regulation of energy 
transfer by the phosphocreatine shuttle. One or more of these factors may 
undeipin component 1 of FIPV in isolated arteries. Thus a fall in ATP levels 
could be restricted to a cellular compartment within which an SR Ca 2+ ATPase 
subtype serves peripheral SR proximal to the plasma membrane, leading to a net 
increase in Ca 2+ leak from the SR (see Chapter 6). Indirect support for this 
viewpoint may be derived from the finding that glycolysis can be tightly coupled 
to SR Ca 2+ ATPase activity (9), and from the proposal that a general and 
maintained fall in cytoplasmic ATP may not be observed in pulmonary artery 
smooth muscle (54). The fact that constriction by K + remains unaffected during 
hypoxia also adds weight to this proposal (22, 23). It should be noted, however, 
that this consideration is not consistent with the tenor of this chapter. In short, it 
is unlikely that a fall in ATP levels perse triggers cADPR accumulation. A role 
for reduced ATP supply during component 1 of FIPV would thus appear 
inconsistent with my proposal that a common metabolic sensor(s) regulates 0 2 - 
sensitive signaling in all cell types. It is possible, therefore, that an as yet 
unidentified effector may be involved in triggering component 1 of HPV. 

The precise mechanism! s) of signal transduction here on in remains obscure. 
Investigations on the metabolic regulation of 0 2 -sensing cells have led to two 
divergent hypotheses regarding the mechanism of signal transduction activated 
by hypoxia, irrespective of the effector system under investigation (e.g. 
inhibition of K + channels, mobilization of intracellular Ca 2+ , regulation of 
transcription factors). On the one hand it has been suggested that 0 2 -sensitivity 
may be conferred by a reduction in the cellular redox state, and consequent 
reduction of key elements of the cell’s signaling mechanisms by reduced cellular 
redox couples (5, 11, 89). On the other, it has been suggested that the effects of 
hypoxia may be mediated by a paradoxical increase in the generation of reactive 
oxygen species (ROS) by mitochondria as 0 2 availability falls (52, 84). 
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13. Does the Cellular Redox State Play a Role in the Regulation 
of cADPR Accumulation in Pulmonary Artery Smooth Muscle? 

We were drawn to investigate the possibility that cADPR may be a mediator 
of HPV for two reasons. As mentioned previously, cADPR had been proposed 
as an endogenous regulator of RyRs (29, 55), and we had obtained evidence of 
a role for smooth muscle SR Ca 2+ release via RyRs in maintained HPV (23). An 
additional attraction, however, was the fact that cADPR is a p-NAD + metabolite. 
This was because hypoxia had been shown to increase p-NADH levels in all 02- 
sensing cells studied to date (5, 11, 79, 92). When taken together, these findings 
suggested that cADPR synthesis itself may, in some way, be sensitive to changes 
in the metabolic state of pulmonary artery smooth muscle, and that it may 
thereby play a role in HPV. 

As discussed previously, a fall in Po 2 likely inhibits oxidative 
phosphorylation due to the high affinity of the terminal cytochrome oxidase for 
0 2 . Consequent reduction in the rate of p-NADH oxidation by mitochondria and 
acceleration of anaerobic glycolysis, likely results in increased accumulation of 
P-NADH in the cytoplasm and mitochondria. Consistent with this view, 
chemiluminescence studies (5) and direct measurement (79) have demonstrated 
that hypoxia reduces the cellular redox state in pulmonary artery smooth muscle, 
in line with classical theory (15). It was therefore suggested that a general 
reduction in the cellular redox state may mediate signaling by hypoxia in 
pulmonary arteries, and a variety of redox couples were considered to play a role, 
namely GSH, P-NADPH, and P-NADH, respectively (86). 

Subsequent investigations have, however, brought into question the idea that 
inhibition of P-NADPH oxidase by hypoxia, and subsequent P-NADPH 
accumulation represent the primary 0 2 -sensing pathway. In fact, Marshall et al. 
(58) demonstrated that the activity ofNADPH oxidase may actually be increased 
by hypoxia in pulmonary artery smooth muscle. In addition, in knock-out mice 
lacking the neutrophil NADPH oxidase, HPV remained unaffected (7). 
Moreover, direct extraction and measurement of P-NADPH and P-NADP + , 
respectively, in pulmonary artery smooth muscle has revealed that the p~ 
NADPH: P-NADP + ratio is high under normoxic conditions and remains fairly 
constant in the presence of hypoxia (79). Given the above, it may not be 
surprising to discover that extremely high concentrations (10 mM) of p-NADPH 
are without effect on cADPR synthesis from a fixed concentration ofp-NAD + in 
pulmonary artery smooth muscle homogenates (unpublished observation). 

In contrast, paired measurement of P-NAD + and p-NADH levels, 
respectively, in extracts frompulmonary arteries yielded quite different findings. 
P-NAD + levels were found to be high (> 1 mM) under normoxic conditions whilst 
P-NADH levels were very low (<80pM). Most significantly, however, moderate 
hypoxia (~30 Torr) increased p-NADH levels at least 5 fold (79). This is 
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consistent, therefore, with the proposal that hypoxia, by inhibiting P-NADH 
oxidation and oxidative phosphorylation by mitochondria, and accelerating 
anaerobic glycolysis, leads to an increase in cytoplasmic P-NADH concentration. 
The increase in cytoplasmic P-NADH is likely allied to saturation of lactate 
dehydrogenase and/or limitations with respect to the removal oflactate from the 
cell, as mentioned previously. Consistent with this view, Leach et al. (52) 
measured an increase in NAD(P)H autofluorescence by hypoxia before and after 
block of P-NADH oxidation by the mitochondrial election transport chain. 

Initially, and perhaps naively, we considered the possibility that P-NADH 
may be a better substrate for cADPR synthesis than P-NAD + . This proposal could 
not have been further from the truth, in that we found P-NADH to be a poor 
substrate for cADPR synthesis. In fact, when applied to pulmonary artery 
smooth muscle homogenates, 25mM P-NADH produced a total cADPR yield 
that amounted to no more than 30% of that derived from 2.5 mM p-NAD + (Fig. 
3A) (90). We therefore considered the possibility that the P-NADH : P-NAD + 
ratio may be a significant factor, rather than the absolute level of either 
component. Thus, we investigated the concentration-dependent effects of p- 
NADH on cADPR production from a fixed concentration of p-NAD + . 
Surprisingly, P-NADH induced a concentration-dependent and synergistic 
increase in cADPR production from P-NAD + (Fig. 3B) (90). Moreover, the range 
over which a change in the p-NADH:P-NAD + ratio augmented cADPR 
accumulation was equivalent to the ratio change predicted from direct 
measurement of P~NAD + and P-NADH in extracts from pulmonary arteries 
during normoxia and moderate hypoxia (79, 90). In short, p-NADH may shift the 
curve for cADPR production from P-NAD + to the left and raise maximal cADPR 
accumulation (Fig. 3B, inset). 



B p-NAIH:P-NADH Ratio 
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[P-NADH] (mM) 




Figure 3. Regulation of cADPR accumulation by P-NADH. A: Relative cADPR accumulation 
from 2.5 mM P-NAD* and 25 mM P-NADH, respectively, in pulmonary artery smooth muscle 
homogenates. B: cADPR accumulation from 2.5 mM P-NAD* versus p-NADH concentration in 
pulmonary artery smooth muscle homogenates. Inset: predicted effect of increased p-NADH 
concentration on cADPR accumulation versus P-NAD + concentration. C: cADPR metabolism in 
pulmonary artery smooth muscle homogenates versus P-NADH concentration. 
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Considering our findings with respect to the facilitation ofcADPR synthesis 
by P-NADH in a little more detail, however, we can gather further significant 
information. Firstly, we demonstrated that P-NADH inhibited cADPR 
metabolism in pulmonary artery smooth muscle homogenates in a concentration- 
dependent manner, equivalent in range to that by which p-NADH augmented 
cADPR synthesis. However, the reduction in cADPR metabolism was not 
sufficient to account for the total increase in cADPR synthesis by P-NADH (Fig. 
3C). This is clear from the fact that 2mM P-NADH increased cADPR synthesis 
from2.5mM P-NAD + by ~ 12 nmoles mg protein' 1 hr' 1 , but only reduced cADPR 
metabolism by ~3 nmoles mg protein' 1 hr' 1 (90). Most significantly, however, our 
findings show that the maximal increase in cADPR accumulation by p-NADH 
from a fixed concentration ofP-NAD + was approximately 2 fold. This is despite 
the fact that the level of substrate available was sufficient to promote almost 
maximal cADPR synthesis from P-NAD + in the absence of P-NADH. In contrast, 
the maximal increase in smooth muscle cADPR content by hypoxia was 10 fold, 
in equal quantities of pulmonary artery smooth muscle. Clearly, the latter 
measurements were taken under conditions where the increase in cellular P- 
NADH would lead to a consequent reduction in substrate (P-NAD + ) availability 
for cADPR synthesis, whilst the in vitro measurements did not allow for a fall 
in P-NAD + levels as p-NADH was increased. In short, it seems unlikely that P- 
NADH acts as the primary mediator of cADPR accumulation by hypoxia. 

13.1 A Po 2 Window for cADPR Accumulation by Hypoxia 

Further consideration of our developing model for regulation of cADPR 
synthesis by hypoxia in pulmonary artery smooth muscle, offered yet more 
insights into the process of HPV. As mentioned above, a rise in P-NADH levels 
will result in a consequent fall in P-NAD + availability, the substrate for cADPR 
synthesis. This would be exacerbated if re-oxidation of P-NADH to P-NAD + is 
tightly coupled to the maintenance of anaerobic glycolysis. Our model would 
predict, therefore, that severe hypoxia may trigger a fall in cADPR levels due to 
limited substrate availability. In short, as p-NADH rises, cADPR levels would 
begin to fall at a point determined by the Po 2 , P-NAD + availability, and the 
kinetics of the enzymes for cADPR synthesis and metabolism, respectively. We 
would therefore expect to observe a Po 2 window within which hypoxia promotes 
cADPR accumulation in pulmonary artery smooth muscle. 

To examine this hypothesis, we measured the levels of cADPR in pulmonary 
artery smooth muscle from third order branches of the pulmonary arterial tree 
under normoxic, hypoxic and near anoxic conditions. As mentioned previously, 
we observed a 10-fold increase in cADPR levels by hypoxia (16-21 Torr) when 
compared to levels measured under normoxia (155-160 Torr) (Fig. 4A). 
Consistent with the proposal that there may be a P0 2 window for cADPR 
accumulation by hypoxia, however, we measured a fall in cADPR levels under 
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near anoxic conditions (5-8 Torr), to a level not significantly different from that 
observed in the presence of normoxia (Fig. 4A) (24). Furthermore, the P0 2 
window for cADPR accumulation by hypoxia, was associated with a 
concomitant rise in P-NADH levels that was inversely related to the P0 2 of the 
bath solution between normoxia (150-160 Torr) and near anoxia (5-8 Torr) (Fig. 
4B) (Evans, unpublished data). We can conclude, therefore, that cADPR 
accumulation by hypoxia may be limited by P-NAD + availability. Furthermore, 
we have shown that the fall in cADPR levels by anoxia was associated with a 
failure of FIPV in intact arteries (see Chapter 6). This further strengthens our 
proposal that cADPR-dependent SR Ca 2+ release in pulmonary artery smooth 
muscle is a primary mediator of maintained FIPV. 





Figure 4. Po 2 window for cADPR accumulation, Relative cADPR (A) and P-NADH (B) levels 
in pulmonary artery smooth muscle during normoxia (20% 0 2 ; 155-160 Torr), hypoxia (2% 0 2 ; 
16-21 Torr) and anoxia (0% 0 2 ; 5-8 Torr), respectively. 



In summary, increased p-NADH may effect a rise in cADPR synthesis and 
concomitant reduction in cADPR metabolism within a P0 2 window determined 
by substrate (P-NAD + ) availability. Flowever, our findings also suggest that 
another mechanism may be required to mediate the extent of cADPR 
accumulation by hypoxia observed in pulmonary artery smooth muscle, and that 
this mechanism and not P-NADH may perhaps represent the primary effector in 
0 2 -sensing cells. 

14. Is cADPR Accumulation by Hypoxia Mediated by the 
Production of Reactive Oxygen Species by the Mitochondrial 
Electron Transport Chain? 

Recent investigations on HPV have suggested that complex III ofthe electron 
transport chain may promote HPV. In short, it has been proposed that hypoxia 
inhibits oxidative phosphorylation, leading to a consequent increase in ROS at 
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complex III in the electron transport chain, that is presumably driven by 0- 
NADH and FADH 2 oxidation by complex I and complex II, respectively (52, 84, 
85). More recently, however, it has been argued that the site of ROS production 
may be complex II and not complex III (67). 

Irrespective of the exact site of ROS production, the possibility that a 
paradoxical increase in superoxide production by mitochondria may promote 
HPV, and therefore cADPR accumulation in pulmonary artery smooth muscle 
has been raised (52, 85). This proposal gains direct support from the finding that 
superoxide can increase cADPR synthesis by directly activating ADP-ribosyl 
cyclase (48, 62). Furthermore, Leach et al. (52, 53) suggest that it is an increase 
in superoxide and not an increase in P-NADH that promotes cADPR 
accumulation. This is based on their observation that HPV may be blocked by 
inhibitors of complex I of the electron transport chain, and subsequently restored 
by addition of succinate, i.e., by facilitating FADH 2 oxidation by complex II. 
Under each of these experimental conditions they report that the increase in 
NAD(P)H autofluorescence by hypoxia in intact arteries remained unaltered, a 
finding that they rightly cite as being inconsistent with the idea that an increase 
in P-NADH promotes cADPR accumulation. 

Clearly, superoxide can, under certain conditions, promote cADPR synthesis. 
However, when assessing the information before us, it is vitally important that 
we recognize the limits of the experimental evidence provided by a given study 
before we draw any conclusion as to the likely mechanisms involved. Herein lies 
the problem. Leach et al. (52) relied upon pre-constriction by prostaglandin F 2a 
(PGF 2o ) in order to elicit constriction of pulmonary arteries by hypoxia. 
Furthermore, under the conditions of their experiments they have been unable to 
record maintained cADPR-dependent constriction by hypoxia in arteries without 
endothelium (2). In short, they have yet to observe the component ofHPV driven 
by cADPR-dependent SR Ca 2+ release by hypoxia. In this respect, interpretation 
of the findings ofWaypa et al. (84) in the rat lung is also problematic. In these 
studies too, pre-constriction was required to procure HPV. Given this fact, it is 
impossible to draw any conclusions as to the mechanisms by which hypoxia 
mediates, by a direct action on the smooth muscle, maintained smooth muscle 
constriction in pulmonary arteries. These studies could therefore be seen as 
providing strong evidence against the idea that hypoxia promotes cADPR 
accumulation by increasing superoxide production at complex II/III of the 
mitochondrial electron transport chain. In short, the proposed increase in 
superoxide and/or H 2 0 2 by hypoxia alone cannot explain cADPR accumulation 
by hypoxia in pulmonary artery smooth muscle. Support for this viewpoint may 
be derived from a recent investigation on carotid body glomus cells, which 
provided contrary findings with respect to the effects of mitochondrial inhibitors. 
In short, Ortega-Saenz et al. (65) conclude that the response of glomus cells to 
hypoxia is not linked to mitochondria in a simple way, and does not appear to be 
mediated by ROS production at complex II, or III of the ETC. This view is 
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supported by the fact that mitochondrial inhibitors and ROS scavengers, 
respectively, do not alter the function of 0 2 -sensing cells in a consistent, nor 
reproducible manner (32). These contrary findings underline the need to monitor 
the “metabolic setting” of 0 2 -sensing cells under all experimental conditions, and 
the need to strictly adhere to the physiological range of Po 2 for a given cell type. 
This is highlighted by the Po 2 window for cADPR accumulation by hypoxia. In 
short, a level of hypoxia too moderate to induce HPV in the absence of 
preconstriction may be insufficient to provide the metabolic stress (i.e., 
activation ofthe primary effector) required for significant cADPR accumulation 
in the smooth muscle. On the other hand, severe hypoxia could induce a marked 
increase in the P-NADH:J3-NAD + ratio without cADPR accumulation, due to a 
reduction in substrate (P-NAD + ) availability. Either way it may be possible to 
observe increased superoxide and/or P-NADH formation, respectively, in 
pulmonary artery smooth muscle in the absence of cADPR-dependent, 
maintained constriction by hypoxia. 

In addition to their studies on the whole lung, however, Waypa et al. (85) 
presented data from cultured pulmonary artery smooth muscle cells. These data 
are consistent with the idea that an increase in ROS production, measured by 
dichlorofluorescein fluorescence, at complex III in the ETC triggers an increase 
in cytoplasmic Ca 2+ concentration. It is notable, however, that the increase in the 
Fura-2 fluorescence ratio reported is small and non-uniform in individual cells, 
and does not appear to be associated with cell contraction. Furthermore, one 
glance at the literature informs us that investigations from a variety of 
laboratories have provided contrary data (32). For example, in pulmonary 
arteries a decrease in ROS has been measured by lucigenin chemiluminescence 
(5, 6, 8), consistent with the classical view that a fell in P0 2 results in a 
consequent fall in ROS (15). Not surprisingly, therefore, it has been stated that 
"the direct measurements of ROS are so demanding that they generate data 
supporting opposing views” (32, 77, 78). It is also important to note that 
cultured cells are known to lack many of the antioxidants normally present in 
cells in vivo, and are probably unrepresentative ofwildtype cells (34). Therefore, 
studies on cultured cells may not be consistent with those carried out on acutely 
isolated cells, isolated arteries, or whole lungs, respectively. In this respect it 
should not be forgotten that the investigations of Feach et al. (52) and Waypa et 
al. (84) on the effects of mitochondrial inhibitors on HPV in isolated pulmonary 
arteries and intact lungs, respectively, did not offer parallel measures of ROS 
levels. Furthermore, previous studies on pulmonary artery endothelial cells have 
shown a decrease in H 2 0 2 production by hypoxia (91). This is significant, as the 
studies of Feach et al. (52) and Waypa et al. (84) may have been biased towards 
investigation of the effects of hypoxia on vasoconstrictor release from the 
pulmonary artery endothelium (see Chapter 6). 

When considering the idea that cell signaling by hypoxia is mediated by 
ROS, however, I have most difficulty in explaining the fact that: a) Hyperoxia 
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increases cellular ROS in a variety of preparations, including the rat lung and 
mitochondria derived from the lung (27, 41, 69, 76) and b) Hyperoxia but not 
hypoxia, increases the functional expression of antioxidants (18, 19, 40, 80). 
This is because short-term (hours) exposure to hyperoxia has little effect on 
resting tone of pulmonary arteries, and does not effect a change in pulmonary 
vascular resistance or the distribution of blood flow in the lung (36, 44). Allied 
to this, investigations on carotid body chemoreceptors have demonstrated that 
they are activated by hypoxia and inhibited by hyperoxia; the latter response 
being attributed to increased ROS (1, 83). Furthermore, others have demonstrated 
that H 2 0 2 decreases chemosensory discharge by the carotid body (66). Clearly, 
if increased cytoplasmic ROS acted as the primary effector of cell signaling by 
hypoxia and a common signaling pathway was present in all types of 0 2 -sensing 
cell, then one would expect hypoxia and hyperoxia, respectively, to have similar 
effects. This is clearly not the case. 

Consideration of ROS metabolism also questions a role for ROS in signaling 
by hypoxia. Superoxide dismutases rapidly convert superoxide to H 2 0 2 , which 
is subsequently reduced by glutathione peroxidase. Thus, H 2 0 2 + 2GSH yields 
H 2 0 + GSSG. GSH may then be regenerated by an NADPH glutathione 
reductase. Given these facts, an increase in cytoplasmic superoxide by hypoxia 
may be expected to elicit a consequent reduction in GSH and/or P-NADPH 
levels in pulmonary artery smooth muscle. In marked contrast, however, hypoxia 
has been shown to increase cellular GSH in pulmonary arteries and pulmonary 
artery endothelial cells (8, 21, 89), and hypoxia does not appear to alter p- 
NADPH levels in pulmonary artery smooth muscle (79). Furthermore, hyperoxia 
and not hypoxia increases glutathione uptake into endothelial cells (21). These 
findings are also inconsistent, therefore, with the idea that an increase in 
cytoplasmic superoxide and/or H 2 0 2 act as primary mediators ofHPV. There is 
also indirect evidence against a role for cytoplasmic ROS in increasing cADPR 
accumulation by hypoxia in pulmonary arteries. In short, superoxide has been 
shown to activate RyRs (46) and cADPR synthesis (48, 62), respectively, over 
a similar concentration range. One might expect SR Ca 2+ release by hypoxia, 
therefore, to promote a degree of maintained pulmonary vasoconstriction in the 
presence of the cADPR antagonist 8-bromo-cADPR, because 8-bromo-cADPR 
does not block RyR activation per se (10, 22). In contrast, however, we have 
shown that 8-bromo-cADPR abolishes cADPR-dependent activation ofRyRs in 
pulmonary artery smooth muscle and HPV (10, 22). 

14.1. Intramitochondrial Regulation of cADPR Synthesis in the 
Cytoplasm 

One possible explanation for contrary findings with respect to the role of 
ROS in HPV could, however, lie in the site of production and effect, 
respectively. Previous investigations have demonstrated that ADP-ribosyl 
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cyclase/CD38 activities may be present in the plasma membrane, SR membrane 
and mitochondrial membrane, respectively (56, 90). Furthermore, there is 
evidence to suggest that CD38 may be anchored to the mitochondrial outer 
membrane by proteins distinct from those that may anchor it to the plasma 
membrane (56). It is possible, therefore, that a buildup of mitochondrial 
superoxide may promote c ADPR production in the cytoplasm. This is clear from 
the fact that enzyme activities of membrane associated CD38 are generally 
thought to be conferred by the extracellular/ extra-organellar domain, whilst the 
intra-organellar domain may offer a site for regulation (55). Thus, mitochondrial 
superoxide and/or H 2 0 2 could directly modulate cADPR synthesis and thereby 
RyR activation due to the close association between mitochondria and the SR 
(17, 20, 33). To confirm this proposal, however, future investigations must 
demonstrate that cADPR synthesis occurs in the mitochondrial fraction of 
pulmonary artery smooth muscle homogenates free from any microsomal 
contamination. Furthermore, if cADPR synthesis does occur in a pure 
mitochondrial fraction, we must establish that the relatively small number of 
mitochondria in pulmonary artery smooth muscle is sufficient to support the 
observed level of cADPR accumulation by hypoxia. We must also account for 
the fact that hyperoxia and not hypoxia, increases the functional expression of 
antioxidants (18, 19, 40, 80). 

15. Is AMP-activated Protein Kinase the Metabolic Sensor and 
Primary Effector in 0 2 -sensing Cells? 

Given that hypoxia likely triggers an increase in cellular AMP levels, it 
seems possible that the AMP-activated protein kinase (AMPK) may play a role 
in regulating the activity of 0 2 -sensing cells. AMPK is a multi-substrate 
serine/threonine kinase, which acts as a metabolic sensor and modulates many 
aspects of cell metabolism in eukaryotes (37,47). AMPK effectively detects 
metabolic stress through changes in the local ATP:AMP ratio, and may be 
activated by vigorous exercise, nutrient starvation and hypoxia (37,47). AMPK 
is an a,P,y heterotrimer, and its activity is increased 2-4 fold by the association 
of AMP with an allosteric site. However, the AMPK activity is also regulated by 
an upstream kinase, namely AMPK kinase (39). AMPK kinase is also activated 
by AMP and regulates AMPK by phosphorylation of Thrl72 within the 
activation loop of the AMPK a subunit (37, 47). In response to hypoxia, AMPK 
acts to maintain ATP levels with the minimum amount of 0 2 utilization. AMPK 
does so by inducing the expression and subsequent translocation of GLUT to the 
plasma membrane (43, 49, 75), by accelerating glycolysis via phosphorylation 
of phosphofructokinase (59), and by inhibiting creatine kinase (71). These 
properties are consistent with the likely effects of hypoxia on pulmonary artery 
smooth muscle cell metabolism. AMPK kinase and AMPK, respectively, may 
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therefore act as the “primary metabolic sensors” and “primary effectors” in 0 2 - 
sensing cells, with the activity of AMPK kinase/AMPK determined by the 
“metabolic setting” under normoxic and hypoxic conditions, respectively. 

Given that AMPK targets an array of proteins including ion channels (35), 
it is possible that AMP-dependent activation of AMPK kinase and AMPK, 
respectively, in pulmonary artery smooth muscle may also regulate Ca 2+ 
signaling. Thus, phosphorylation of ADP-ribosyl cyclase by AMPK could elicit 
a consequent increase in cADPR-dependent Ca 2+ signaling by hypoxia. 
Furthermore, AMPK activation could also, by a direct or indirect action, inhibit 
potassium channel activity in the plasma membrane and SERCA activity in the 
peripheral SR proximal to the plasma membrane. 




Figure 5. Proposed mechanism for the regulation of cell metabolism and cADPR accumulation 
by hypoxia. Hypoxia inhibits mitochondrial oxidative phosphorylation, triggering a fall in ATP 
levels and a consequent rise in AMP levels via the adenylate kinase reaction. This leads to the 
activation of the primary “metabolic sensors” and “primary effectors”, namely AMPKK and 
AMPK, respectively. AMPK then accelerates glucose transport, glycolysis, and inhibits creatine 
kinase in an effort to maintain ATP levels at the primary sites of utilization. In addition, however, 
AMPK may activate ADP-ribosyl cyclase and cADPR accumulation, and inhibit SERCA activity 
in the peripheral SR proximal to the plasma membrane. AMPK, AMP activated kinase; AMPKK, 
AMP kinase kinase; GLUT, glucose transporter; AC, ADP-ribosyl cyclase; CH, cADPR 
hydrolase; ADPR, ADP-ribose; Per, phosphocreatine. 
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16 . Possible Role for cADPR Signaling by Hypoxia in Other 
0 2 -sensing Cells 

It is important to note that cADPR formation by hypoxia is a point of 
bifurcation in the 0 2 -sensitive signaling cascade, which may be initiated by 
AMPK kinase and AMPK. This is clear' from our finding that cADPR does not 
play a primary role in the regulation of endothelial cell function by hypoxia (22, 
90). Thus, cADPR may not be a primary mediator in all 0 2 -sensing cells. It 
should be noted, however, that recent studies have suggested that cADPR may 
play a modulatory role with respect to the regulation of exocytosis in both 
endocrine and exocrine cells (13, 63). It is quite possible, therefore, that cADPR 
may play a similar modulatory role in exocytosis by hypoxia in EPO-secreting 
cells, carotid body glomus cells, neuroepithelial bodies, and pulmonary artery 
endothelial cells, respectively. 

17. Summary 

In summary, it is clear that hypoxia promotes pulmonary artery constriction 
via the activation of a “metabolic sensor(s)” and a “primary effector(s)”. The 
“primary effector” may then modulate a variety of other cell functions associated 
with HPV, including cADPR accumulation. Hypoxia likely diggers these events 
by inhibiting oxidative phosphorylation by mitochondria, leading to an increase 
in cytoplasmic AMP levels as the adenylate kinase reaction seeks to maintain 
ATP levels. I propose that a build up of AMP leads to the activation of the 
primary “metabolic sensors/primary effectors” in 0 2 -sensing cells, namely 
AMPK kinase and AMPK, respectively, and that AMPK, in addition to 
promoting glucose uptake and anaerobic glycolysis, may activate ADP-ribosyl 
cyclase and cADPR accumulation by hypoxia. Subsequently, increased P-NADH 
formation by anaerobic glycolysis may augment cADPR accumulation. As the 
severity of hypoxia increases, however, P-NADH levels may increase still 
further, leading to a consequent fall in cADPR levels due to reduced substrate 
availability (p-NAD + ),and ultimately to the failure of maintained HPV (Fig. 5). 
While, I cannot rule out the possibility that a paradoxical increase in 
mitochondrial ROS by hypoxia may also promote cADPR accumulation, this 
seems unlikely. 
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1. Introduction 

Adaptation to changes in the ambient 0 2 tension (Po 2 ) is essentially 
required for the adequate energy supply of humans and all other aerobic living 
organisms. In mammals, for instance, the respiratory and cardiovascular systems 
allow the provision and appropriate distribution of 0 2 to serve as the terminal 
electron acceptor during the phosphorylation of adenosine diphosphate (ADP) 
into adenosine triphosphate (ATP). This so called oxidative phosphorylation is 
the major biochemical reaction for the generation of energy present in form of 
ATP. The process of extracting 0 2 from the environment, and its distribution not 
only for oxidative phosphorylation but also as a substrate for other biochemical 
reactions, has been conserved throughout evolution by the development of 
advanced systems which tightly maintain 0 2 homeostasis, i.e., keep the 0 2 
concentrations even in a single cell within a narrow physiological range. 

This is important since, although the physiological mean arterial P0 2 
(dissolved free 0 2 concentration) is 74-104 mmHg (104-146 pmol/1) (36,79,80), 
differences in the vascularization and in the tissue diffusion properties may result 
in a heterogeneous Po 2 distribution within a single organ, leading to regions 
where the Po 2 is only approximately 7 mmHg. Moreover, it is conceivable that 
cells adjacent to an arterial inflow have other metabolic capacities or electrical 
activities than cells located at the venous end. The heterogenous P0 2 distribution 
patterns can become deleterious under pathophysiological conditions. This is 
influenced further by other factors such as the hemoglobin concentration in 
erythrocytes, which enable the 0 2 -carrying capacity of the blood. A low 
hematocrit with normal heart and lung function will result in anemia and thus in 
a lowered 0 2 -carrying capacity. In contrast, hypoxemia may occur also under 
arterial normoxia but reduced hemoglobin-bound oxygen content. In the case 
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that heart function and hematocrit are normal but lung function is impaired, 
arterial blood may be both hypoxic and hypoxemic (79). Thus an oxygen sensing 
system with an elaborate sequence of adaptive mechanisms is required in order 
to maintain 0 2 homeostasis, which is essential for survival, adequate organ 
function, and to avoid diseases like anemia, infarction, tumor development or 
oxygen induced retinopathy (Fig. 1). 



Oxygen Sensing 

I 

Anoxic Hypoxic Nornioxic 

Response Response Response 

1 1 1 

Adaptation 



Figure 1. Oxygen responses. Aerobic living organisms need an 0 2 sensing system which allows 
the cells to adapt to changes in the ambient Po 2 via generation of anoxic, hypoxic or normoxic 
responses. Adaptation mechanisms may include respiratory responses, changes in protein 
synthesis or modulation of channel activities and gene expression. 

Increasing evidence has shown that almost all cells are able to adapt to 
changes in Po 2 by using cellular 0 2 -sensing systems which have to control short- 
term reactions within seconds or minutes by modification of channel or enzyme 
activities, as well as the long-term adaptation of cellular functions viaregulation 
of gene expression. An 0 2 -sensing system that affects gene expression should 
consist of the sensor proper from which the 0 2 signal is transmitted to a regulator 
proper, which should possess DNA or RNA binding ability to modulate gene 
activity. Along the signaling cascade between the 0 2 sensor and the regulatory 
transcription factor(s), several chemical modifications (e.g., phosphorylation, 
hydroxylation and oxidation reactions), might be involved (Fig. 2). Within this 
article we will try to summarize the current knowledge of the 0 2 sensing process 
which leads to a modulation of gene activity. 

2. Cellular Response to Hypoxia 

So far, the best-studied adaptation of mammalian cells to variations in 
the oxygen availability is the response to hypoxia. Once exposed to low oxygen, 
chemoreceptor cells of the carotid body initiate a ventilatory response which 
should compensate the decreased 0 2 supply in the lung. Furthermore, the 
vasculature in the lung contracts, whereas the peripheral vasculature dilates, 
resulting in more efficient perfusion and gas exchange. Enhanced expression of 
erythropoietin (EPO) in the kidney and, to some extent, in the liver results in 
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increased erythropoiesis in the bone marrow and in an elevation in the blood's 
0 2 -carrying capacity. 




Figure 2. Models of an 0 2 sensing system. An 0 2 -sensing system which modulates gene activity 
should ideally consist of an 0 2 sensor (S) which should possess enzymatic activity and may be 
ideally situated at the cell membrane. From the 0 2 sensor a signal is transmitted to a regulatory 
transcription factor (TF) which should possess DNA or RNA binding ability to modulate gene 
activity. The transmission of the 0 2 signal can involve several chemical modifications of the 
regulator either mediated directly by the sensor or indirectly via the generation of a second 
messenger such as H 2 0 2 . In the case that the sensor contains a kinase or oxygenase activity, the 
regulatory TF will be phosphorylated or hydroxylated. If the sensor contains an oxidase, oxygen 
intermediates such as H 2 0 2 may be generated as second messengers leading then to the 
modification of the regulatory TF. The chemical modifications of the regulatory TF would then 
modify its binding affinity to response elements (RE) in the promoters or regulatory sites of 
certain genes, thus leading to a modification in their transcription. 



Additionally, various types of organs and tissues increase the expression 
of vascular endothelial growth factor (VEGF) and its receptors to promote 
angiogenesis, thereby improving blood supply to tissue. Moreover, increased 
expression of glycolytic enzymes elevates the efficiency of anaerobic ATP 
generation. Besides these more general responses evolved to enhance 0 2 supply 
and to maintain energy provision, many other physiological and 
pathophysiological processes are known to be regulated by 0 2 . This is illustrated 
by the increasing number of genes encoding transporters, enzymes, hormones 
and growth factors which are expressed differentially (i.e., higher or lower) 
under conditions of low P0 2 (hypoxia) compared to normoxia (Table 1). 
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Table 1. Examples of Processes and Genes Activated by Hypoxia 



Processes 



Hypoxia-induced gene 



Ref. 



Hematopoesis Erythropoietin (EPO) 29 

Angiogenesis Vascular endothelial growth factor (VEGF) 30 

Fibrinolysis Plasminogen activator inhibitor- 1 (PAI-1) 55 

Inflammation Inducible nitric oxide synthase (iNOS) 73 

Growth and p53 Tumor-suppressor protein 34 

Differentiation Bcl-2 apoptosis-preventing protein 92 

Insulin-like growth factor binding protein- 1 (IGFBP-1) 98 



Glucose transporter- 1 (GLUT-1) 
Glucokinase (GK) 

Aldolase A (ALD-A) 

Glyceraldehyde 3-phosphatc dehydrogenase 
Phosphoglycerate kinase 1 (PGK1) 

Pyruvate kinase M (PK M ) 

Lactate dehydrogenase A (LDH-A) 
NHj-amino acid metabolism L-Arginine transporter 
Xenobiotic metabolism 

Heme metabolism Heme oxygenase- 1 (HO-1) 

H 2 0- and electrolyte Angiotensin converting enzyme (ACE) 

regulation 



Carbohydrate metabolism 
Glucose transport 
Glycolysis 



28 

19,24,25,54,89,90 

(GAPDH) 



67 

64 

58 



A special case of the response to hypoxia is the so called anoxic response, i.e., 
the response to a Po 2 very close to 0 mmHg. This response is best studied in 
lower vertebrates such as turtles which can live for months under water without 
ventilation because of their drastically reduced protein synthesis, and thus 0 2 
consumption, which allows the survival of cellular functions under extreme 
conditions (42). Similarly, a reduction of protein synthesis was also observed 
after stroke in the peri-infarct area (penumbra) of the brain, facilitating cell 
survival by oxygen sensing (91). 

3. The Nature of the Oxygen Sensor(s) 

Identifying the nature of the 0 2 sensor in mammalian cells has stimulated 
research for many years. Evidence has now been collected that a non-respiratory 
chain heme protein (29, 57), a paid of the mitochondrial electron transport chain 
(2, 14), or a proline hydroxylase modifying the transcription factor hypoxia- 
inducible factor la (HIF-la) (10, 22, 62) may act as oxygen sensor(s). 

3.1. Role of a NADPH Oxidase as a Non-respiratory Chain Heme 
Protein in 0 2 Sensing 

Based on experiments in rat carotid body preparations and multicellular 
spheroids derived from the hepatoma cell line HepG2 as well as molecular 
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studies in different liver-derived cell types, it was suggested that the oxygen 
sensor may be a heme protein (29). Spectrophotometrical analyses of carotid 
body preparations and HepG2 cells suggested the presence of a non- 
mitochondrial, b-type cytochrome with absorbance maxima at 559 and 427 nm 
similar to the cytochrome b558 ofthe NADPH oxidase from neutrophils (1, 33). 

Although initially described as a neutrophil- specific enzyme, various 
NADPH oxidases have now been identified in several non-phagocytic cells 
including carotid body cells, airway chemoreceptor cells, HepG2 cells, 
endothelial cells and smooth muscle cells (26, 31, 33, 37, 61, 102). In 
neutrophils, the cytochrome b558-containing NADPH oxidase generates 
superoxide anion radicals (0 2 * ) which can then be converted into H 2 0 2 or OH*, 
the latter two often referred to as reactive oxygen species (ROS) (35). Whereas 
in neutrophils the generation of high amounts of ROS in the respiratory burst is 
essential for host defense, NADPH oxidases expressed in non-phagocytic cells 
appear to generate lower amounts of ROS which may play an important function 
in ROS-dependent signaling processes (6). Although neutrophils show decreased 
generation of superoxide anion radicals under hypoxic conditions, the leukocyte 
respiratory burst NADPH oxidase did not appear to be direcdy involved in 
oxygen sensing (105). However, the role of a “low output” NADPH oxidase 
isoenzyme as 0 2 sensor was supported by the findings that the flavin oxidase 
inhibitor diphenylene iodonium (DPI) inhibited the hypoxia-dependent 
expression ofthe vascular VEGF, lactate dehydrogenase A (LDHA) and glucose 
transporter 1 (GLUT-1) in several cell lines (27). 

Furthermore, in mice lacking the gp91 phox subunit ofthe (high output) 
neutrophil NADPH oxidase oxygen sensing of the pulmonary airway 
chemoreceptors was disrupted (25) whereas hypoxia-dependent 
electrophysiological responses in the carotid body and pulmonary artery smooth 
muscle cells remained intact (4), indicating that different tissue and cell types 
may contain different types of oxygen sensors or oxygen sensing NADPH 
oxidases. Interestingly, in mice lacking the NADPH oxidase subunit p47phox, 
the ventilatory and chemoreceptor responses to hypoxia were elevated whereas 
EPO production of the kidneys remained unchanged (85). 

3.2. Role of Cytochrome c Oxidase as an Electron Transport Chain 
Heme Protein in 0 2 Sensing 

Since a decrease in cytochrome c oxidase enzyme activity can be 
observed at P0 2 levels below 2 to 3 mm Hg, it was proposed that this enzyme 
acts as an 0 2 sensor (13). Studies in embryonic cardiomyocytes showed that, 
under decreasing P0 2 (15% to 1% 0 2 ), an increased oxidation of the non- 
fluorescent 2',7-dichlorofluorescin (DCFH) to the fluorescent DCF, an indicator 
of ROS presence, occurred (17). Paradoxically, upon return to normoxia, DCF 
fluorescence decreased again (17). Similar to cardiomyocytes, DCF fluorescence 
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was also increased in response to hypoxia in Hep3B cells (13). The complex I 
respiratory chain inhibitor rotenone and the complex 111 inhibitor myxothiazol 
also abolished the hypoxia-dependent EPO, VEGF, and PGK-1 mRNA induction 
in Hep3B cells (13). Thus, the authors hypothesized that hypoxia is sensed by the 
cytochrome c oxidase, which then reduces its V max , thereby enhancing the half- 
life of reduced electron carriers upstream of cytochrome a3 such as 
ubisemiquinone anions. The ubisemiquinone anion can then transfer an electron 
to molecular 0 2 yielding 0 2 ‘ radicals which are then dismutated to the signal 
molecule H 2 0 2 (14). 

Interestingly, in pulmonary arteries, hypoxia and the proximal 
respiratory chain inhibitors rotenone and antimycin A decreased the generation 
of ROS as was measured with three different techniques (lucigenin-based 
chemiluminescence, the AmplexRed H 2 0 2 assay kit and DCF fluorescence), 
supporting the findings ofmany other laboratories which showed decreased ROS 
formation under hypoxia. However, in renal arteries, hypoxia and rotenone 
increased ROS production. These authors attributed their divergent observations 
to differences in the mitochondria between pulmonary and renal arteries (74). 

However, the relevance of the mitochondrial respiratory chain as an 
ubiquitous oxygen sensor was questioned by several observations. In Chinese 
hamster ovary cell lines (such as Gal32 and CCLI 6B-2) with defects in genes 
encoding different components of the electron transport chain, and in Hep3B 
cells lacking mitochondrial DNA (Hep3BpO), hypoxia-dependent activation of 
the transcription factor HIF-la remained intact when compared to the wild type 
cells. Furthermore, H 2 0 2 levels decreased under hypoxia in Hep3BpO as well as 
in control cells further suggesting that the source of H 2 0 2 was not located in the 
mitochondria (99). 

3.3. Role of Proline and Asparagine Hydroxylases in 0 2 Sensing 

Recently, it has been demonstrated that a family of newly identified 
prolyl and asparaginyl hydroxylases play a more direct role in 0 2 sensing 
mechanisms leading to the modulation of gene activity. Since the action of these 
enzymes is dependent on the presence of molecular 0 2 , iron, oxoglutarate and 
ascorbic acid it is likely that they might act as proximate direct 0 2 sensors. The 
major substrate of these new prolyl hydroxylases is the 0 2 -dependent 
degradation domain (ODD) of the transcription factor HIF-la (10, 22) whereas 
the asparaginyl hydroxylase appeal's to target the C-terminal transactivation 
domain (63) (see below). However, the expression of the prolyl hydroxylases is 
dependent on the oxygen tension (22) and the catalytic hydroxylation process 
exerted by the hydroxylases appears to require a radical cycling system (108), 
supporting the requirement of an upstream oxygen sensor such as a heme protein 
(see above) and an important role ofROS in oxygen signaling. 
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4. The Nature ofthe Oxygen-sensitive Regulators (Transcription 
Factors) 

Several transcription factors, such as activator protein 1 (AP-1), early 
growth response protein- 1 (EGR-1) (107, 108), CAAT enhancer binding protein 
beta (C/EBPJ3/NF-IL-6), nuclear factor kB (NFkB) (60), and the hypoxia- 
inducible factor- 1 (HIF-1), were found to be involved in the modulation of gene 
expression by 0 2 . Among these regulatory proteins HIF-1 appears to play a 
central role and is the best studied so far (86-88, 104). 

HIF-1 is a dimer of HIF-la and HIF-1 p (ARNT) both belonging to the 
basic helix-loop-helix (bHLH) PAS (Per-ARNT-Sim) transcription factor family. 
Two other HIF a-subunits (HIF-2a/EPAS/HRF/HLF and HIF-3a) as well as two 
other ARNT isoforms (ARNT2 and ARNT3/BMAL-1/MOP-3) have been 
identified. This may then give rise to the formation of several HIF-isoforms 
composed of different HIF a-subunits and ARNT isoforms (103). Although other 
HIF isoforms appear to exist, HIF-1 is considered to be the major regulator of 
physiologically important genes such as those encoding EPO, VEGF, LDH and 
PAI-1. Furthermore, HIF-1 also seems to be required for carotid body neural 
activity and ventilatory adaptation to chronic hypoxia since carotid bodies from 
hifla +l ' mice responded to cyanide but not to hypoxia, whereas chronic hypoxia 
resulted in a diminished ventilatory response to subsequent exposure to acute 
hypoxia in hiflct 1 ' mice (59). 

Oxygen sensitivity ofthe HIF-1 complex is conferred only by the HIF- 
1 a protein via regulation of its protein stability and coactivator recruitment. 
Both, regulation of protein stability and coactivator recruitment involved 
hydroxylation reactions carried out by specific prolyl and asparaginyl 
hydroxylases (see above and below). 

Moreover, HIF-la was found to be modified by redox factor- 1 (Ref-1) 
(44) and to interact with coactivators such as CBP/p300, TIE-2 and SRC-1 in a 
redox-dependent manner (12, 21), suggesting a role for ROS in the oxygen 
signaling pathway. 

5. Coupling Between 0 2 Sensors and Regulators by Chemical 
Modifications 

5.1. Oxygen Sensing and HIF-la Phosphorylation 

The first evidence indicating that phosphorylation reactions are involved 
in the regulation of HIF-1 activity were obtained by electrophoretic mobility 
shift assay (EMSA) which showed that treatment of nuclear extracts from 
hypoxic Hep3B cells with phosphatase disrupts the HIF-l/DNA complex (101). 
Furthermore, application ofthe serine/threonine kinase inhibitor 2-aminopurine, 
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the tyrosine kinase inhibitor genistein, as well as the serine threonine 
phosphatase inhibitor NaF inhibited HIF-l-DNA-binding activity and HIF-1 
stabilization under hypoxic conditions (100). These data suggested that 
phosphorylation, as well as dephosphorylation, could both be involved in HIF-1 
activation. Several kinases were shown to be activated under hypoxia in different 
cell types and are therefore possible candidates for HIF- 1 activation. This is the 
case for some of the mitogen-activated protein kinase (MAPK) family members 
and for phosphatidylinositol-3 kinase (PI3-K) and protein kinase B (PKB, also 
known as AKT) (66, 71, 81, 82, 94). 

Several reports demonstrated that the pathway involving PI3-K, which 
generates phosphatidylinositol-3, 4, 5-phosphate [PI(3,4,5)P 3 ], which then 
regulates the activity or subcellular localization of a variety of signaling 
molecules such as phosphatidiylinositol-dependent kinase (PDK) and PKB, plays 
an important role in activating the HIF pathway. The co-transfection ofa HIF-1 
reporter plasmid either with dominant-negative vectors for PI3-K or for PKB 
impaired the activation of HIF-1 as well as VEGF gene transcription in hypoxic 
NIH3T3R cells (71). Likewise, overexpression ofPKB enhanced HIF- la levels 
and stimulated HIF-1 -dependent PAI-1 expression as well as EPO-HRE- 
regulated reporter gene activity in primary rat hepatocytes and HepG2 cells (56). 

However, in contrast to growth factors, hormones and coagulation 
factors including PDGF, angiotensin II, insulin and thrombin as well as to H 2 0 2 
which activate PKB within minutes, enhanced phosphorylation ofPKB has been 
observed after hours of exposure to hypoxia (8). Interestingly, these agonists 
were also able to stimulate the HIF pathway in a ROS- and PI3-K/PKB- 
dependent manner independent from the 0 2 tension (68, 75, 84, 97). This 
suggested a cross talk between these agonist-dependent pathways and the 0 2 
signaling cascade leading to the activation of HIF. This assumption was further 
supported by observations that MAP kinases (including p38 MAP kinase and/or 
p42/44 MAP kinase) also contribute to the activation of the HIF pathway. 
Overexpression of the p38 upstream kinases MKK3 and MKK6 resulted in 
enhanced HIF- la levels and stimulated HIF-1 -dependent PAI-1 expression as 
well as EPO-HRE-regulated reporter gene activity under normoxic and hypoxic 
conditions (52) whereas inhibition of p38 MAP kinase prevented thrombin- 
induced HIF activation in a ROS-dependent manner (32). On the other hand, 
p42/44 MAP kinase has been shown to directly phosphorylate HIF- la in vitro 
under normoxic conditions (81) but overexpression ofp42/44 MAP kinase did 
not alter HIF- la protein levels and did not stimulate HIF-1 -dependent PAI-1 
expression or EPO-HRE-regulated reporter gene activity (52). Moreover, in 
contrast to p38 MAP kinase, p42/44 MAP kinase was not activated by H 2 0 2 and 
did not contribute to thrombin-induced activation of the HIF cascade (32) but 
stimulated angiotensin II-dependent activation of HIF (82). The reasons for these 
discrepancies are not clear at the moment but may relate to cell type specific 
differences in kinase expression and sensitivity to hypoxia and ROS. 
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5.2. Oxygen Sensing and HIF-la Hydroxylation 

The amount of the HIF-la protein is rapidly increased when cells are 
exposed to hypoxia. In contrast, under normoxic conditions, the HIF-la protein 
is remarkably unstable suggesting that the formation of the active HIF- 1 dimer 
depends mainly on hypoxia-induced stabilization of HIF-la. Two transactivation 
domains (TAD) were identified within HIF-a which confer the sensitivity 
towards 0 2 . Both domains are 100% conserved in human, mouse and rat HIF- 1 a. 
The N-terminal TAD (TAD-N) is present within aregion (amino acids 401 -603) 
which was found to be critically involved in the 0 2 -dependent destabilization of 
the HIF- la protein via proteasomal degradation (45, 84) and was thus named the 
oxygen-dependent degradation domain (ODD) (45). 

In normoxia, HIF a-subunit destabilization is mediated by 0 2 -dependent 
hydroxylation of at least two proline residues within the ODD (47, 68, 97). This 
process allows binding of the von Hippel-Lindau tumor suppressor protein 
(pVHL) (70, 75, 78, 97). pVHL is found in a multiprotein complex with elongins 
B/C, Cul2, and Rbxl forming an E3 ubiquitin ligase complex called VEC. This 
modular enzyme then initiates degradation by the ubiquitin-proteasome pathway 
(46, 48, 49). 

The C-terminal TAD (TAD-C, ranging from amino acid 776-826), and 
the TAD-N have been shown to interact with coactivators such as CREB-binding 
protein (CBP)/p300) (3, 18, 21), the steroid receptor coactivator- 1 (SRC-1), 
transcription intermediary factor-2 (TIF-2) and redox factor-1 (Ref-1) (12), 
thereby facilitating enhanced transcriptional activity. A new enzyme named 
factor inhibiting HIF (F1H) (69) prevents the recruitment of the coactivator 
CBP/p300 by hydroxylating an asparaginyl residue in the TAD-C (63). F1H, like 
the HIF prolyl hydroxylases, is an 0 2 -, oxoglutarate-, iron-, and ascorbate- 
dependent enzyme and may thus also be considered as a putative 0 2 sensor (39, 
63, 65, 72). 

5.3. ROS as Messengers in the Oxygen Sensing Cascade 

Whenever oxygen is not completely reduced to water within the 
organism or a cell,, oxygen intermediates such as 0 2 ' , H 2 0 2 , and OH* can be 
generated. Besides their ability to exert oxidative stress resulting in the damage 
of membranes, the oxidation of proteins and the mutation of DNA, ROS are also 
important determinants for the normal growth and metabolism in a variety of 
cells. The latter has become evident for the last decade and pointed to a rather 
widespread and exciting role of H 2 0 2 and ROS as second messengers for various 
signals in bacteria, plants and mammalian cells (16, 83, 93). Since the production 
of ROS increases proportionally with the 0 2 tension they are likely to be 
involved in the modification of transcription factors modulating gene activity in 
response to the ambient Po 2 . The role of ROS as 0 2 messengers has been 




350 



supported by the finding that, similar to a typical response to hypoxia, treatment 
of healthy human volunteers with the antioxidant N-acetyl-cysteine (NAC) 
enhances the hypoxic ventilatory response (HVR) and blood erythropoietin 
concentration (40). Thus, NAC or its biochemical derivates, cysteine and 
glutathione, appear to mimic hypoxia. Furthermore, the proposal that H 2 0 2 and 
derived ROS such as OH' can serve as mediators of the 0 2 signal was based on 
findings in HepG2 cells and carotid body preparations showing the presence of 
a low output oxidase which may be an NADPH oxidase isoform able to convert 
oxygen to superoxide and thus act as an oxygen sensor (33). Subsequently, Po 2 - 
dependent OH' production has been demonstrated in hepatoma cells and primary 
hepatocytes implicating that hypoxia is associated with decreased OH’ levels. 
The response to hypoxia can be mimicked under normoxia by the application of 
the OH’ radical scavenger dimethyl thiurea (DMTU) which reduces OH' levels 
(20, 50) (Fig. 3). In line with these observations were findings by several 
laboratories demonstrating decreased amounts ofROS under hypoxic conditions 
in the lung (4). 




Figure 3. Reduction of OH' formation by hypoxia in primary rat hepatocyte cultures. Mimicry 
of venous P0 2 by DMTU (0.5 mM). Hepatocytes were cultured for 24 hrs under normoxia (16% 
0 2 ). At 24 hrs, the media was changed and cells were further cultured for 2 hrs under 8% 0 2 or 
in the presence of DMTU (16% 0 2 ). In each experiment the OH' level measured in the control 
under 16%0 2 was set equal to 100%. Values aremeans±SEof3 independent culture experiments 
with 32 measurements per point each. *P<0.01 16% 0 2 vs. 8%0 2 , ** P<0.01 control vs. DMTU. 



5.4. Oxygen Sensing and Modification of HIF-la by ROS 

The concept that H 2 0 2 and other ROS play an important role in oxygen 
sensing was further supported by findings demonstrating that application of H 2 0 2 
repressed the hypoxia- and HIF-1 -dependent EPO production in HepG2 cells 
(89) and decreased the upregulation of tyrosine hydroxylase expression in PC 12 
cells by hypoxia. Addition of H 2 0 2 prevented the downregulation of the 
glucagon-dependent PCK mRNA expression by hypoxia in primary hepatocytes 
(51). These findings implicate that addition of H 2 0 2 prevents the hypoxic 
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response and restores the normoxic response. This assumption was further 
supported by findings demonstrating that addition of H 2 0 2 to cells grown under 
hypoxia resulted in the destabilization of the HIF- 1 a protein in Hep3B cells (44) 
and the HIF-2a protein in HeLa cells (106). Furthermore, treatment with the 
antioxidants pyrrolidine dithiocarbamate (PDTC) and NAC increased HIF- la 
levels in alveolar type 11 epithelial cells (38). The redox processes modifying 
both HIF- la and HIF-2a appeared to predominantly affect the C-terminal 
transactivation domain (TAD-C). Within this domain, the cysteine 800 of HIF- la 
and the cysteine 848 of HIF-2a seem to be critical for transactivation, and the 
oxidation/reduction state of these cysteines is dependent on the presence of Ref- 1 
(12, 21, 44, 97). The regulation of HIF- 1 DNA binding activity by ROS appeared 
to be evolutionary conserved since Drosophila HIF-D was also shown to be 
sensitive to redox modifications (7, 76, 77). 

Whereas superoxide anion radicals are less likely to act as a second 
messenger since they are not freely diffusible, their dismutation product H 2 0 2 is 
more suitable to function as a second messenger in 0 2 -sensing. Due to its freely 
diffusible non-charged character it can participate in two- and one-electron 
transfer reactions in the cells. Usually H 2 0 2 is degraded by glutathione 
peroxidase in the cytosol and mitochondria or by catalase in peroxisomes or non- 
enzymatically converted into hydroxyl anions and hydroxyl radicals (OH*) in the 
presence of Fe 2+ in a Fenton reaction: 

H 2 0 2 + Fe 2+ -» Fe 3+ + OH' + OH* 

Thus, a Fenton reaction adjacent to proteins or even transcription factors may 
affect Fe-S clusters or cysteine residues within regulatory proteins. It has been 
demonstrated that this H 2 0 2 -degrading reaction takes place in a perinuclear 
compartment and is involved in 0 2 modulated gene expression (20, 50) as well 
as in carotid body nervous discharge (15). Thus, it appears likely that the redox- 
sensitive HIF- la may be a target within an 0 2 sensing system involving ROS and 
a Fenton reaction. However, it remains open in which cellular' compartment the 
Fenton reaction takes place and whether transcription factors regulating the 0 2 - 
dependent gene expression or ion channels triggering nervous activity are located 
in this compartment. 

5.5. Measurement of Intracellular Reactive Oxygen Species 

Most of the chemicals commonly used to detect ROS may interact with 
a variety of radicals. Therefore, it appeal's to be difficult to use an indicator 
reacting with OH* in more or less specific way and to allow the detection and 
subcellular localization of the Fenton reaction. This problem was solved by the 
use of the non-fluorescent dye dihydrorhodamine 123 (DHR 123) which can be 
converted by OH* into fluorescent rhodamine 123 (RH 123) (20, 50, 53). 
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Thereby, the OH* rearrange the 7i-system ofDHR 123, yielding fluorescent RH 
123 (20). Furthermore, specific experimental conditions are required to measure 
the Fenton reaction in response to hypoxia such as: i) a non-photo toxic 
irradiation of the cells to avoid ROS generation during fluorescence excitation; 
ii) a minimal intracellular DHR 123 deposition to minimize secondary RH 123 
dye distribution via diffusion and channel transport (103); Hi) the start ofkinetic 
measurements under conditions where ROS levels are expected, like hypoxia, 
since DHR 123 to RH 123 conversion is irreversible; iv) the maintenance of 
physiological conditions oftissue culture during the measurements to minimize 
cell stress; and v) an independent proof of intracellular' ROS turnover. 




Figure 4. Oxygen-dependent generation of OH'. One single HepG2 cell cultured in hypoxia for 
60 mins was treated for 5 mins with 30 pM DHR 123 before rhodamine 123 fluorescence (in 
white) was visualized by 2P-CLSM (A). Then the same cell was exposed to normoxia and imaged 
again (C). White perinuclear spots indicate an increased oxdation ofDHR 123 to RH 123 under 
normoxia due to an enhanced Fenton reaction mediated OH- generation. The same HepG2 cell 
under hypoxia (B) and normoxia (D) was challenged with light of a wavelength range between 
400 and 500 nm for 5 seconds to mediate OH' generation by photoreduction. Normoxia shows 
a significant higher OH' generation mediated by photoreduction than hypoxia. Dimensions of the 
X, Y, Z axis are given in pm. 

These criteria can be fulfilled by using two photon confocal laser 
scanning microscopy which is not phototoxic due to infrared light (43). RH 123 
fluorescence was registered by a photo multiplier, digitized and visualized. The 
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signal-to-noise ratio was determined and images were deconvolved using the 
Maximum Likelihood Estimation (MLE) method. The data were reconstructed 
with the Application Visualization System (Waltham). Calculation ofisosurfaces 
was performed using a marching cube algorithm (96). In our measurements, a 5- 
min incubation of cells (with 30 pM DHR 123) kept under physiological 
conditions in a microscope tissue culture chamber enabling observation at 37°C 
under a variable gas atmosphere gave an optimal dye deposit which was fully 
convertible to fluorescent RH 123 only under normoxia in combination with 5- 
sec blue light illumination. This drastic ROS increase under normoxia was 
contrasted by the nearly-missing illumination reaction under hypoxia, which 
renders short term blue light illumination as an ideal prove for intracellular ROS 
turnover (Fig. 4). Under these conditions hypoxia was accompanied by a 
decrease in ROS levels, in agreement with earlier studies (23). 




Figure 5. A Fenton reaction in transmission of the 0 2 signal and regulation of 0 2 modulated 
genes. P0 2 is sensed via a heme protein producing H 2 0 2 below the threshold exerting oxidative 
stress. H 2 0 2 is then diffused to the close vicinity of the nucleus due to the Fenton reaction, 
yielding OH'. Under a high Po 2 , OH' oxidizes SH-groups (e.g., the cystein 800 in HIF-la) and 
shifts the balance to the oxidized state. Furthermore, 0 2 which escapes binding by the heme 
protein may be additionally used by the asparagine (FIH) and proline hydroxylases (PHD'S) 
which modify HIF-la directly to inhibit cofactor recruitment and to mediate VHL binding to 
promote proteasomal degradation, respectively. In hypoxia, reduced ROS levels and decreased 
HIF-la hydroxylation lead to nuclear translocation of HIF-la, its dimerization with HIF-ip 
(ARNT), recruitment of cofactors and binding to hypoxia response elements (HRE). In addition, 
crosstalk between different signaling cascades activated by high or low ROS levels may also 
influence the stability of HIF-ip, thus allowing to fine tune HIF-1 -dependent target gene 
expression. 
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However, other reports described enhanced ROS levels in hypoxia which 
decreased by returning to normoxia although the ROS-induced dye oxidation 
should be irreversible (13, 14). These findings may be explained by intensity 
changes of the oxidized dye, but do not appear to be due to changes in ROS. 

Our findings suggest that the Fenton reaction primarily occurs in the 
cytoplasm. Since only 0.15% of the electron flow during mitochondrial 
respiration gives rise to the formation of ROS, this rather small amount of ROS 
is unlikely to escape to the cytoplasm due to the effective mitochondrial ROS 
scavenging systems including manganese superoxide dismutase and glutathione 
peroxidase (95). Our findings thus underline the importance of cytoplasmic, but 
not mitochondrial ROS as second messengers in 0 2 sensing. 

6. Conclusion 

While the nature ofthe 0 2 sensor(s) is not known in detail, a number of 
investigations support a model where a heme-containing specific “low output” 
NADPH oxidase isoform or a cytochrome b-type NAD(P)H oxidoreductase 
(109) have been proposed as candidate oxygen sensors. This complex leads to 
the formation ofH 2 0 2 in dependence ofthe Po 2 which, in the presence of Fe 2+ , 
is converted in a Fenton reaction. The generated ROS in form of hydroxyl 
radicals (OH’) may prevent activation ofHIF-1 and HIF-1 -dependent signaling 
by providing an oxidizing environment. Furthermore, 0 2 which escapes binding 
by the heme protein may be additionally used by the asparagine and proline 
hydroxylases which modify HIF-1 a directly to inhibit cofactor recruitment and 
to mediate proteasomal degradation, respectively. By reducing 0 2 the ROS 
levels, activation ofthe HIF-1 signaling cascade may be allowed. In addition, 
crosstalk between different signaling cascades activated by high or low ROS 
levels may also influence the stability and/or activity ofHIF-la, thus allowing 
to fine tune HIF-1 -dependent target gene expression (Fig. 5). 
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1. Introduction 

Oxygen sensing is a fundamental biological process necessary for the 
adaptation of living organisms to variable habitats and physiologic situations. In 
mammals, acute hypoxia triggers fast respiratory and cardiovascular counter- 
regulatory adjustments to ensure sufficient 0 2 supply to the most critical organs 
such as the brain or the heart. Reduction of blood 0 2 tension (P0 2 ) is sensed by 
the arterial chemoreceptors, which generate afferent chemosensory discharges 
that activate the brain to evoke hyperventilation and sympathetic activation (for 
a review see Ref. 22). The main arterial chemoreceptor is the carotid body, a 
minute bilateral organ located in the bifurcation of the carotid artery which 
contains neurosecretory glomus, or type I, cells and the less numerous 
substentacular, or type II, cells. Glomus cells, the 0 2 -sensitive elements in the 
carotid body, are electrically excitable (9, 20) and have 0 2 -sensitive potassium 
channels in their membranes (3, 7, 20, 33, 36). It is broadly accepted that 
inhibition of these channels by low P0 2 is a major 0 2 -dependent event leading 
to membrane depolarization, external calcium influx and activation of 
neurotransmitter release, which, in turn, stimulates the afferent sensory fibers. 
This model of chemotransduction, suggested by the electrophysiological 
experiments, has been confirmed in single Fura 2-loaded cells by monitoring 
cytosolic [Ca 2+ ] and quantal catecholamine secretion (4, 5, 21, 26, 30, 39). 

2. 0 2 -sensitive K + Channels and Stimulus-secretion Coupling in 
Glomus Cells 



The typical macroscopic ionic currents recorded from dispersed rabbit carotid 
body cells maintained in normoxic conditions (P0 2 ~ 150 mmHg) are illustrated 
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in Figure 1A. On depolarization the cells generate an inward current, mainly 
mediated by Ca 2+ channels, followed by an outward K + current. The large inward 
tail current at the end of the pulse reflects the influx of Ca 2+ through the channels 
and their closing time course. The outward K + current is selectively and 
reversibly reduced in amplitude upon exposure to the same external solution but 
with a Po 2 ~ 30 mmHg. Figure IB shows single-channel recordings obtained from 
an excised membrane patch containing one 0 2 -sensitive ion channel whose peak 
open probability was reduced to almost 50% on switching from normoxia to 
hypoxia (11, 12). 
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Figure 1. Major 0 2 dependent electrophysiological properties of glomus cells. A: Macroscopic 
inward and outward currents of glomus cells and reversible inhibition of the outward current by 
hypoxia (Po 2 * 20 mmHg), Control and recovery traces in normoxia (Po 2 = 150 mmHg) are 
shown superimposed. In this experiment TTX was added to block the Na + conductance. B: Single- 
channel recordings from an excised membrane patch containing at most one open 0 2 -sensitive 
K + channel. Depolarizing pulses were applied from -80 to +20 mV. Ensemble averages indicating 
the single-channel open probability in normoxia and hypoxia are from 15 and 22 successive 
recordings, respectively (modified from Refs. 11, 26). 



Reduction of K + conductance in hypoxia is expected to produce an increase 
in glomus cell excitability leading to Ca 2+ influx and secretion. This has been 
shown to occur in dispersed glomus cells loaded with the Ca 2+ indicator Fura2- 
AM in which single cell secretion was monitored by amperometry (5, 26, 39). 
Note in Figure 2A that, upon exposure to hypoxia, the increase in cytosolic 
[Ca 2+ ] is paralleled by the appearance of spike-like quantal events corresponding 
to the release of dopamine (the most abundant catecholamine in glomus cells) 
from individual vesicles. The current model of glomus cell activation by hypoxia 
is shown diagrammatically in Figure 2B. Sensing of low P0 2 is done through 
inhibition of the K + conductance (G K , 1), which leads to increase of action 
potential firing frequency (2), Ca 2+ influx (3) and secretion (4) ofthe transmitters 
that activate the afferent fibers of the sinus nerve (5). However, the K + channel 
type modulated by Po 2 appears to change among the various species (22), and 
inhibition (26) and potentiation (37) of the Ca 2+ current by hypoxia in rabbit 
glomus cells have also been reported. 
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Figure 2. Secretory response of single glomus cells to low Po 2 . A: Parallel changes of Po 2 , [Ca 2t ] it 
and dopamine secretion in a glomus cell in response to hypoxia. Cytosolic [Ca 2+ ] was measured 
by microfluorimetry with Fura-2. Dopamine release was monitored by amperometry with a 6 pm 
polarized carbon fiber electrode and quantal secretory events appeared as spike like activity 
representing the fusion of individual secretory vesicles. B: Schematic diagram of the major steps 
in a model of sensory transduction involving 0 2 -sensitive ion channels in glomus cells. 1) 0 2 
sensing by K + channels. 2) Hypoxic reduction of the K f conductance (G K ) leads to an increase in 
the action potential frequency and Ca 2+ influx. 3) Rise of cytosolic [Ca 2+ ]. 4) Transmitter release. 
5) Activation of the afferent fibers of the sinus nerve (Modified from Refs. 19, 26, 39). 



3. 0 2 -Sensitivity of Glomus Cells in Carotid Body Thin Slices 
and Secretory Responses to K + Channel Blockers 

The model of acute 0 2 sensing based on the regulation of membrane K + 
channels described in the carotid body has been demonstrated to operate in other 
neurosecretory systems, such as cells in the lung neuroepithelial bodies (43), 
chromaffin cells of the adrenal medulla (38), or PC- 12 cells (44). There are, 
however, controversies on whether 0 2 -sensitive membrane electrical events in 
glomus cells are directly involved in the chemosensing process. The major 
argument supporting this notion is that inhibitors of the potassium current, like 
tetraethylammonium (TEA), 4-aminopyridine (4-AP), or charybdotoxin (CTX), 
do not enhance either action potential firing frequency of the afferent sensory 
fibers or secretory activity in the whole carotid body preparations used in these 
experiments (8, 16, 29). Although it was shown in a study that CTX can 
depolarize dialyzed rat glomus cells (42) it has been reported that neither TEA 
nor 4-AP influence the membrane potential of the same cells (3). To investigate 
the reasons for the discrepancies among laboratories using dispersed rat glomus 
cells and the contradictions between findings in isolated cells and the whole 
organ, we have developed a carotid body slice preparation to study the 02 - 
sensitivity of glomus cells in the best possible physiological conditions (30, 31). 
We also attempted to obtain a preparation of glomus cells with consistent 
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properties since cellular 0 2 -sensitivity is a labile phenomenon easily destroyed 
by uncontrolled valuables during the enzymatic treatment and mechanical 
disruption of the tissue (32). 
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Figure 3. Responses to hypoxia of carotid body glomus cells in slices. A: Morphological 
appearance of a typical glomerulus within a cultured rat carotid body thin slice maintained in 
culture for 72 h. A well-defined single cell is indicated by the arrow. B: Carotid body slice 
immunostained with antibodies against tyrosine hydroxylase. The carotid body was fixed, then 
sliced and stained. Note the typical appearance of glomus cells with large nuclei and a thin layer 
of stained cytoplasm. The organization of type I cells in glomeruli is similar to that seen in fresh 
slices. C: Superimposed K + currents from a glomus cell elicited by depolarizing pulses from -80 
mV to 0 (left) or +20 mV (right) in the three experimental conditions (control, hypoxia and 
recovery). Note the reversible reduction of the current by low Po 2 (=20 mmHg). D: Top, 
Amperometric recordings from an Oj-sensitive glomus cell illustrating the increase of secretory 
activity elicited by hypoxia (Po 2 =20 mmHg), Note also the typical response of the cell to high 
extracellular K + . Bottom, Secretory activity recorded from an 0 2 sensitive glomus cell to illustrate 
the reversible abolishment of the response to hypoxia during the blockade of Ca 2+ channels by 
addition of 0.2 mM cadmium to the extracellular solution (Modified from Refs. 30, 32). 

The procedures followed to make carotid body slices are described in Pardal 
et al. (30) and Pardal and Lopez-Barneo (32). In healthy slices, clusters of 
glomus cells were clearly distinguished from the surrounding tissue (Fig. 3A). 
These clusters, of similar appearance to the glomeruli described in histological 
preparations of the carotid body, contained numerous ovoid cells of =10 to 12 
pm of diameter. The similarity between fresh and fixed carotid body preparations 
can be appreciated by observing slices immunostained with antibodies against 
tyrosine hydroxylase (TH), where glomus cells appeal' in clusters with intensely 
stained thin cytoplasmic layers and big clear nuclei (Fig. 3B). For the 
experiments, a slice was transferred to a recording chamber mounted on the stage 
of an upright microscope, where it was continuously perfused by gravity (flow 
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1 to 2 ml/min) with a solution containing (in mM) 117 NaCl, 4.5 KC1, 23 
NaHCOj, 1 MgCl 2 , 2.5 CaCl 2 , and 10 glucose. The recording electrodes (either 
patch pipette or amperometric carbon fiber) were placed adjacent to a well- 
identified cell within a glomerulus, such as the one indicated by the arrow in 
Figure 3 A. In experiments designed to test the effect of hypoxia, the control 
(normoxic) solution was bubbled with a gas mixture of 5% C0 2 , 20% 0 2 , and 
75% N 2 (P0 2 =150 mmHg), and the hypoxic solution with 5% C0 2 , and 95% N 2 
(P0 2 in the chamber® 20 mmHg). After switching from normoxia to hypoxia, 
complete equilibration of the new solution in the chamber required between 1 
and 2 min. 

As described in dispersed rabbit (11, 13, 20, 34) and rat (23, 33, 36) glomus 
cells the amplitude of macroscopic voltage-dependent currents recorded from 
cells in rat carotid body slices is reduced when exposed to low Po 2 (Fig. 3C). 
However, reversible reduction of K + current amplitude by hypoxia is a response 
seen less consistently in our slices than the increase of secretory activity 
monitored by amperometry. This could mean that in patch clamped rat glomus 
cells the 0 2 -sensing mechanism is altered and the sensitivity to low Po 2 
decreased possibly due to the intracellular dialysis. It is also possible that, 
besides voltage-gated K + channels, other conductances, mediated by voltage- 
gated Ca 2+ (37) or K + -selective leaky (3) channels, not studied so far in slices, 
also contribute to mediate the low P0 2 -induced secretory response. In slices with 
well-defined glomeruli, low Po 2 induces consistently a progressive increase in 
the frequency of secretory events (Fig. 3D), reaching values of 48.6±19 
spikes/min (n=24 cells). At the peak of the response to hypoxia the secretory 
events normally fuse into a broad concentration envelope that quickly declines 
after switching to the control, normoxic, solution. As expected from electrically 
excitable cells, all the glomus cells that respond to hypoxia are also activated by 
solutions with high external K + (Fig. 3D, top). Interestingly, glomus cells 
unresponsive to hypoxia but activated by depolarization with high external K + 
are occasionally observed. The neurosecretory response to hypoxia ofrat glomus 
cells in slices is completely abolished by the addition of the voltage-dependent 
calcium channel blocker cadmium (Fig. 3D, bottom) or the removal of 
extracellular calcium with EGTA (30). These observations confirm previous data 
on dispersed rabbit carotid body cells (26, 39). 

The major contributors to the voltage-gated 0 2 -sensitive macroscopic K + 
currents in rat glomus cells are the Ca 2+ -dependent maxi-K + channels (23, 33, 
42). Because these channels are blocked by TEA or iberiotoxin (IbTX), we have 
studied whether, like hypoxia, these agents induce Ca 2+ entry and secretion in 
glomus cells. In most cells studied (33 of 34 cells), application of 5 mM TEA to 
the bath solution elicits an increase in the secretory activity similar to that 
triggered by hypoxia (Fig. 4A). In response to the K + channel blocker the 
frequency of secretory events (42±17 spikes/min, n=6 cells) is similar to that 
obtained in low Po 2 (Student’s t test, P<0.05). The average quantal charge of 
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events induced by TEA is 43±30 fC (n=275 spikes in 6 cells). This value and the 
distribution of quantal events are also similar' to those estimated with events 
elicited by hypoxia (43±26 fC; n=576 spikes in 14 cells), suggesting that both 
stimuli can digger the release ofthe same type of secretory vesicle (Fig. 4B). The 
effect of TEA can be observed even in quiescent cells, without any measurable 
spontaneous quantal release, as well as in 0 2 -insensitive glomus cells. We have 
also tested the effect of IbTX, a selective blocker of Ca 2+ - and voltage-activated 
maxiK + channels (10). Figure 4C illustrates the increase of secretory activity in 
a glomus cell exposed to 200 nM IbTX. The response is similar to the ones 
obtained with TEA or hypoxia, although the recovery phase seems to be 
somewhat longer possibly due to slower wash-out of IbTX. These observations 
indicate that direct blockade of the K + channels with TEA or IbTX can elicit 
secretion from rat glomus cells in the slices. 
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Figure 4, Secretory responses of intact glomus cells to K + channel blockers. A: Amperometric 
recording from a glomus cell illustrating the similar effects elicited by low Po 2 and the application 
of 5 mM TEA to the external solution. B: Frequency histograms of the quantal charge of events 
elicited by hypoxia and TEA. Note that the parameters of the distributions are the same in the two 
experimental conditions. C: Secretory activity induced in a glomus cell by hypoxia and 200 nM 
IbTX (Modified from Ref. 30). 
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4. Mitochondrial Function and Responsiveness to Hypoxia of 
Glomus Cells 

Despite the progress in the understanding of glomus cell electrophysiology 
and its responses to hypoxia, how 0 2 is sensed in the carotid body remains 
unknown. It has been reported that modulation of some K + channels by Po 2 in 
glomus cells is maintained in excised patches, thus suggesting that 0 2 sensing 
depends on membrane-delimited mechanisms (11, 18, 19, 35). On the other 
hand, mitochondria have traditionally been considered as the site for glomus cell 
0 2 sensing by several investigators because these organelle consume most ofthe 
cellular 0 2 and similarly to hypoxia, inhibitors of the electron transport chain 
(ETC) or mitochondrial uncouplers increase the afferent activity of the carotid 
body sinus nerve (24, 27). Besides in the carotid body, mitochondria have also 
been postulated to participate in 0 2 sensing in other acutely responding systems, 
such as pulmonary vascular smooth muscle (1, 17, 41) or chromaffin cells (15, 
25). We have investigated in our carotid body slice preparation whether 
sensitivity of intact glomus cells to hypoxia is altered by mitochondrial 
dysfunction (28). We have tested the effect of inhibition at complex I with 
rotenone, at complex II with thenoyltrifluoroacetone (TTFA), at complex III with 
myxothiazol or antimycin A (respectively proximal and distal inhibitors of this 
complex) and at complex IV with cyanide. These agents were used in a broad 
range of concentrations, however the lowest concentrations used were at least 5 
to 10 times the reported K 50 values (6, 40). 

The typical secretory response to hypoxia (P0 2 = 20 mtnHg) of a glomus cell 
in the carotid body slice is illustrated in Figure 5A. As shown in previous figures 
(see also Refs. 30, 31), low P0 2 induces spike-like quantal events corresponding 
to catecholamine release from individual vesicles. For these type of experiments 
we calculated the cumulative secretion signal (lower trace in Fig. 5A), a value 
of electric charge obtained by the sum of the time integral of successive 
amperometric events that is proportional to the number of catecholamine 
molecules oxidized. Thus, the secretion rate, in femtocoulombs per min 
(fC/min), is given by the amount of charge transferred to the recording electrode 
during 60 seconds once the solutions are equilibrated in the recording chamber. 
We have observed that the ETC inhibitors induce in one to three minutes an 
exocytotic response from glomus cells (Fig. 5B-F; see also Fig. 6). The 
difference in the secretagogue potency of applied ETC inhibitors is not very 
marked when they are used at concentrations above saturation. The mean area 
of individual quantal events (in fC, mean±sd) triggered by the ETC inhibitors 
(rotenone: 40±18, n=245 spikes in 5 cells; myxothiazol: 42±30, n=102 spikes in 
7 cells; antimycin A: 40±22, n=132 spikes in 5 cells; cyanide: 48±33, n=116 
spikes in 7 cells) is not significantly different (p>0.1) from the average values 
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estimated with events evoked by hypoxia (43±26, n=576 spikes in 14 cells, see 
Fig. 4 above). These data indicate that hypoxia and the ETC inhibitors induce the 
release of a common type of catecholaminergic vesicle. Secretion evoked by all 
the ETC inhibitors can be completely abolished by blockade of membrane Ca 2+ 
channels with Cd 2+ (Fig. 5B-F). Only the secretory response induced by 
concentrations of cyanide in the millimolar range is partially maintained in the 
presence of 0.3 mM extracellular Cd 2+ , thus suggesting Ca 2+ release from 
intracellular stores (2). These data indicate that, as described in cells exposed to 
hypoxia (Fig. 3) (5, 30, 39), activation of carotid body glomus cells by 
mitochondrial ETC inhibitors largely depends on extracellular Ca 2+ influx 
through channels of the plasma membrane (28). 
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Figure 5. Secretory responses of glomus cells to hypoxia and to the inhibition of the 
mitochondrial electron transport. A: Top. Amperometric signal showing catecholamine release 
from a glomus cell exposed to low Po 2 (=20 mmHg). Each spike represents an exocytotic event. 
Bottom. Cumulative secretion signal (in femtocoulombs) resulting from the time integral of the 
amperometric recording. B-F: Catecholamine release induced by exposure to several electron 
transport inhibitors. The concentrations are: rotenone (5 pM), TTFA (0.3 pM), myxothiazol (1 
pg/ml), antimycin A (1 pg/ml), and cyanide (100 pM) (Modified from Ref. 28). 

The interaction between hypoxia and the mitochondrial electron flow has 
been studied in cells exposed to low Po 2 before and during application of ETC 
inhibitors acting at either proximal or distal mitochondrial complexes. The 
rationale behind these experiments is that if hypoxia exerts its effect through 
alteration of the mitochondrial electron flow, preincubation with saturating 
concentrations of ETC blockers would prevent any further effect of low P0 2 . In 
contrast, the effects of hypoxia and ETC inhibition would be additive, at least 
partially, if they were acting through separate pathways. Figure 6 (A and B) 
illustrates that when 0 2 -responsive glomus cells are treated with cyanide or 
antimycin A, the concomitant exposure to low Po 2 elicits further increase in the 
secretory activity. In each case the amperometric recordings are shown on the 
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left and right panels are the cumulative secretion signals recorded during hypoxia 
in the presence of the ETC inhibitors. The secretion rates measured immediately 
before exposure to hypoxia are illustrated diagrammatically by the slopes of the 
cumulative secretion signals. The amperometric recordings show that hypoxic 
responsiveness was preserved in cells treated with the ETC inhibitors. In parallel, 
the cumulative secretion traces clearly illustrate that in the presence of ETC 
inhibitors hypoxia induces a reversible increase in the slope of the signals. 
Similar - results have been obtained in experiments performed with myxothiazol, 
or TTFA (28). 
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Figure 6. Secretory responses of glomus cells exposed concomitantly to hypoxia (Po 2 , 20 mmHg) 
and to blockade of the mitochondrial electron transport. A-C: Amperometric recordings (left 
panels). The concentration of drugs are: cyanide (100 pM), antimycin A (1 pg/ml) and rotenone 
(5 pM). Right panels, Cumulative secretion signals before, during and after the exposure to 
hypoxia in the presence of the ETC inhibitors. The straight lines represent the slopes (secretion 
rates) of the cumulative secretion signals immediately before the exposure to hypoxia. D: Average 
secretion rate measured in cells in various experimental conditions. Secretion rate in the ordinate 
is expressed in fC/min (mean±SE). Experimental conditions: Control (Po 2 , 150 mmHg, 75±15 
fC/min, n=17 cells) and hypoxia ( 17 10±65 fC/min, n=17 cells). Cyanide (CN, 0.1 pM, 1771±842 
fC/min, n=4 cells) and CN plus hypoxia (3932±I339 fC/min, n=4 cells). Antimycin A (0.1-1 
pg/ml, 1910±151 PC/min, n=13 cells) and antimycin A plus hypoxia (4201±421 fC/min, n=7 
cells). Myxothiazol (0.1-1 pg/ml, 2167±199 fC/min, n=6 cells) and myxothiazol plus hypoxia 
(3 188±240 fC/min, n=6 cells). TTFA (0. 1-0.3 pM; 2093±488 fC/min, n=5 cells) and TTFA plus 
hypoxia (4134±587 fC/min, n=5 cells). Rotenone (0.1-5 pM, 2058±550 fC/min, n=14 cells), 
rotenone plus hypoxia (1915±552 fC/min, n=12 cells). Asterisks indicate statistically significant 
difference (P<0.05) between each pair of samples (Modified from Ref. 28). 



An exception among the mitochondrial inhibitors tested is rotenone, a 
flavoprotein inhibitor that blocks mitochondrial complex I. Figure 6C shows that, 
as other ETC inhibitors, rotenone elicits secretion from the cells, however 
previous exposure to rotenone abolishes any further increase of secretion by 
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hypoxia. In cells treated with rotenone the secretory response to depolarization 
with high potassium is unaltered (Fig. 6C). The average secretion rates measured 
in several cells exposed to hypoxia and the ETC inhibitors are given in Figure 
6D. This summary plot shows that inhibition at various sites along the ETC with 
saturating concentrations ofmitochondrial inhibitors induces a secretory activity 
in glomus cells of a magnitude comparable to that evoked by low Po 2 (=20 
mmHg). With the exception of rotenone, the effects of hypoxia and ETC 
inhibitors are additive, thus suggesting that they might act through separate 
signaling pathways. Selective occlusion of hypoxia sensitivity by rotenone has 
been observed in all the cells studied with concentrations ofthe drug at 0.1-5 pM 
(28). The lowest concentration used in these experiments (0.1 pM) can produce 
full blockade of complex I (6, 40) or saturation ofrotenone binding sites (14). 

5. Summary 

In this chapter, we present the current model of carotid body oxygen sensing 
based on the inhibition by hypoxia of 0 2 -sensitivc K + channels. The basic 
mechanisms described in carotid body glomus cells also operate in other 
neurosecretory systems acutely responding to low Po 2 (22). Besides the studies 
in dispersed glomus cells, we describe the properties of cells in carotid body thin 
slices. This preparation has allowed us to study the responses of glomus cells to 
hypoxia and K + channel blockers in almost optimal physiologic conditions (30, 
3 1 , 32). As described in dispersed cells (23, 33, 42), voltage- and Ca 2+ -dependent 
outward currents, inhibited by TEA and IbTX, are reduced in amplitude upon 
exposure to low P0 2 . Glomus cells in the slices consistently exhibit a secretory 
response to hypoxia, which can be easily monitored by the amperometric 
detection of catecholamines with a polarized carbon-fiber electrode. Transmitter 
release induced by physiologic levels of low P0 2 (« 20-30 mmHg) is completely 
dependent on extracellular calcium influx. This observation further supports the 
view that glomus cells work as 0 2 -sensitivepresynaptic-like elements, in which 
external calcium entry after low P0 2 -induced depolarization constitutes the 
principal event leading to transmitter release and activation of the afferent 
sensory fibers (4, 21, 30, 39). Exposure of cells in the slices to K + channel 
blockers, like TEA or IbTX, induces a secretory activity resembling the effect 
of low Po 2 . These results suggest that although leak KAselective channels (3) 
have also a role in the responsiveness of rat glomus cells to hypoxia, the direct 
blockade ofthe 0 2 -sensitive voltage-dependent K + currents, which in these cells 
are those inhibited by TEA and IbTX, is sufficient to induce secretion. 

The work on carotid body slices demonstrates the importance of voltage- 
gated K + channels as effector molecules in the acute response of glomus cells to 
hypoxia. Finally, we report that inhibitors of proximal and distal complexes of 
the mitochondrial ETC elicit, as hypoxia, a powerful external Ca 2+ -dependent 
secretory response in intact rat carotid body glomus cells. Cellular sensitivity to 
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hypoxia is maintained after blockade of the mitochondrial ETC, thus suggesting 
that mitochondrial electron flow is not linked in a simple way to acute regulation 
of glomus cell activity by changes of 0 2 tension. Hypoxia and mitochondrial 
inhibitors, acting through separate pathways, converge to raise cytosolic [Ca 2+ ], 
which triggers secretion. However, we have identified rotenone as highly 
selective and specific inhibitor of the responsiveness to hypoxia (28). Therefore, 
this drug and its derivatives could be used as tools to pursue investigation on the 
molecular characterization and location of the 0 2 sensing mechanism in arterial 
chemoreceptor cells. 
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1. Introduction 

The adrenal gland is composed of two separate functional regions: The outer 
cortex is principally responsible for corticosteroid synthesis and secretion. The 
inner medulla, containing the adrenomedullary chromaffin cells (AMC), 
synthesizes and secretes catecholamines (i.e., adrenaline, noradrenaline and 
dopamine), and is perhaps best known for its contribution to the ‘ fight-or-flight' 
response. In mature animals, metabolic or physiological stress increases activity 
in the sympathetic nervous system leading to acetylcholine (ACh) release from 
splanchnic nerve endings, which innervate AMC. Released ACh activates 
nicotinic receptors on AMC, resulting in secretion of catecholamines (CA) into 
the blood. Circulating CA have well-defined roles in the fight-or-flight response 
of adult a ni mals (Fig. 1), ensuring that adequate blood flow to vital organs (heart 
and lung) is maintained. 

In species that are relatively immature at birth, such as rat and man, 
sympathetic innervation to several target organs, including the splanchnic 
projections to the adrenal medulla, are non-functional at birth (25). This suggests 
that C A secretion from immature adrenal glands is not under nervous regulation . 
However, despite the lack of neurogenic control of adrenal CA secretion in 
neonatal animals, several studies have suggested that AMC secrete CA during 
physiological stressors (e.g., hypoxia), and that the released CA are vital for 
survival of the neonate during birth and subsequent hypoxic events. 

As early as 1961, the oxygen sensitivity of the adrenal medulla was 
recognized. Comline and Silver (5) demonstrated that asphyxiated fetal sheep 
had elevated plasma CA and depleted adrenal CA even in the absence of mature 
sympathetic innervation. In the 1980s, Seidler and Slotkin described a similar 
non-neurogenic regulation of CA release in the neonatal rat, by demonstrating 
that prior to maturation of innervation to the adrenal gland, 1 hr of inspired 
hypoxia (5% 0 2 ) depleted adrenal CA. CA release was associated with lung fluid 
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absoiption and initiation of surfactant secretion, clamping of the fetal heart rate, 
and brown fat mobilization (Fig. 1) (25-27). The hypoxia-induced CA release 
was not dependent upon activation of sympathetic nerves because block of 
nicotinic receptors with chlorisondamine did not prevent the hypoxia-induced 
CA surge (25). Seidler and Slotkin (28) also demonstrated that these non- 
neurogenic responses to hypoxia were absent in adult animals, but that three 
weeks after splanchnic nerve transection in these animals, the non-neurogenic 
hypoxia-induced CA secretion returned. Taken together, these studies suggested 
that AMC may sense hypoxia prior to the maturation of sympathetic innervation 
and that this 0 2 -sensitivity is lost in mature animals. 
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Figure 1. Comparison of the role of hypoxia-induced secretion of catecholamines from 
adrenomedullary chromaffin cells (AMC) of different ages. Neonatal [postnatal (P) 1-2 day old] 
AMC are sensitive to hypoxia and secrete catecholamines in the absence of functional splanchnic 
innervation. Catecholamines released into the circulation promote neonatal survival during 
hypoxia via initiation of surfactant secretion in the lung and maintenance of the heart’s conduction 
characteristics. In contrast, juvenile (P 1 3-20) AMC may not respond directly to hypoxia (though 
some adult cells may), but release catecholamines during splanchnic nerve activation via the 
central nervous system (CNS). These differences in physiological responses can be considered 
adaptations of the neonate that contribute to physiological changes associated with the transition 
to extrauterine life. 
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2. Catecholamine Release From Neonatal AMC Promotes 
Survival During Hypoxia 

Birth is associated with both fetal hypoxia and hypercapnia due to 
intermittent occlusions ofthe umbilical cord ( 1 5 ), In mature animals, physiologic 
adjustments to hypoxia are initiated and maintained by several systems, 
including ventilatory reflex activation via the carotid body and hypoxic 
pulmonary vasoconstriction. The transition from fetal to extra-uterine life 
requires that the lungs be cleared of fluid and that surfactant be secreted to 
enable proper lung expansion and gas exchange across the alveoli. It is known 
that CA play a pivotal role in these processes through the activation of p- 
adrenergic receptors in the lung (34) and a-adrenergic receptors in the heart (27). 

Seidler and Slotkin (25) demonstrated that CA derived from the adrenal 
gland are important for lung maturation after birth, and are vital for neonatal 
survival during hypoxia. Administration of the P 2 -blocker ICI-118551 
compromised the survival of neonatal rats [postnatal (P) day 1-2] during 
hypoxia, but did not affect mortality in more mature animals (P14) that had 
further developed lung function (25). Whereas adrenalectomy dramatically 
compromised the ability ofthe neonatal rat to survive hypoxia (5% 0 2 for 1 hr), 
interference of CA release from sympathetic nerve endings did not (25). This 
suggests a vital role for adrenal-derived CA in the hypoxic tolerance of PI -2 rats. 
Interestingly, hypoxia in the presence of the cardiac-specific P,-receptor blocker 
atenolol did not affect neonatal mortality, suggesting thatcardiac P-receptors are 
not involved in tolerance of neonates to hypoxia (27). 

The principal cardioprotective effect of adrenal CA is maintenance of heart 
rate and conduction characteristics (Fig. 1 ) (27). Administration ofthe a-receptor 
blocker phenoxybenzamine (PBX) to 1 day-old rat pups during normoxia (21% 
inspired 0 2 ) did not alter cardiac function. However, PBX applied concomitantly 
with hypoxia caused a marked decline in heart rate, slowing of sinus rhythm, 
atrioventricular block, and cardiac failure (27, 28). Although mature animals 
express few cardiac a-receptors relative to p- receptors, neonatal animals 
predominantly express the a-type (27). As the neonate matures, cardiac a 
receptors are replaced with the P subtype and the cardioprotective effects of 
adrenal-derived CA disappears (27). The hypoxia-induced secretion of adrenal 
CA, and the presence ofseveral physiological mechanisms that utilize circulating 
CA to promote development and survival of neonates can be considered 
adaptations of the adult stress response that are designed to promote neonatal 
survival during and after birth. 

3. The Oxygen Sensing Mechanism of Chromaffin Cells 

The work described above led us to hypothesize that neonatal (Pl-2) ‘non- 
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innervated’ AMC function as direct sensors of Po 2 , and that this 0 2 -sensing 
mechanism is absent in juvenile (P14) cells, which are functionally innervated. 
To test this hypothesis, we isolated AMC from both age groups, maintained them 
in short-term cell culture (1-4 days) and determined whether or not they were 
hypoxia-sensitive using patch clamp recording of whole-cell currents and 
membrane potential. CA secretion was also measured by HPLC with 
electrochemical detection. 
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Figure 2. Comparison of the direct 0 2 -sensitivity of cultured neonatal (panels A, C, and E) and 
juvenile (panels B, D, and F) adrenal chromaffin cells (AMC). A: Current-voltage plot illustrating 
the reversible hypoxic suppression of outward currents recorded from neonatal AMC. Hypoxia 
(H) inhibits currents from the normoxic control (C) level, and the effects are reversible upon 
washout (W) of the hypoxic solution. B: Hypoxia fails to suppress outward currents in cells from 
juvenile AMC. The insets in A and B are current traces at a potential of +30 mV from the holding 
potential of -60 mV. C and D: Hypoxia induces a receptor potential of ~ 1 5 mV in singly isolated 
neonatal but not juvenile AMC. E and F: Hypoxia induces catecholamine secretion in cultures of 
neonatal but not juvenile AMC and secretion is inhibited by the L-type Ca 2+ channel blocker 
nifedipine (Nif). “NE”, norepinephrine; “E”, epinephrine; “DA”, dopamine; “HK”, high K + . 
Panels C-F are reproduced with permission from Ref. 33. 



3.1. Development of 0 2 Sensing in AMC 

Similar to the mechanism of 0 2 -sensing by the glomus cells of the carotid 
body (18) and pulmonary arterial myocytes (2), exposure of neonatal AMC to 
hypoxia (P0 2 ~ 5 mmHg) reversibly inhibited outward currents and induced a 
membrane depolarization (receptor potential) of ~ 15 mV (Fig. 2A, C, and E) (31, 
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33). Additionally, 1 hr of hypoxia stimulated CA secretion in cultures of neonatal 
AMC by ~6 x basal, and secretion of all three CA (dopamine, norepinephrine 
and epinephrine) was enhanced. Hypoxia-induced CA secretion was dependent 
on extracellular Ca 2+ and attenuated by the L-type Ca 2+ channel blocker 
nifedipine ( 1 0 pM) (33). In a parallel study, Mojet et al. (2 1 ) demonstrated that 
the electron transport chain (ETC) inhibitor cyanide (CN; 2.5 mM) mimicked the 
effects of hypoxia on CA secretion, as detected by carbon fiber electrodes placed 
adjacent to isolated neonatal AMC. Interestingly, in both studies responses to 
hypoxia were absent in juvenile AMC (Fig. 2B, D, F). 

In contrast to the experiments summarized above, several reports have 
suggested that adult AMC may express 0 2 -sensing mechanisms. In these studies 
AMC were maintained in either long-temi (7 days) (20) or short-term (1-2 days) 
(16) culture, or studied in an adrenal slice preparation (30). Hypoxia (~5% 0 2 ) 
suppressed K + currents, induced membrane depolarization, increased intracellular 
Ca 2 \ and enhanced CA secretion in -50% of cultured adult AMC (16, 20). 
Additionally, AMC in slices of adult adrenals may exhibit a hypoxia-induced 
increase in intracellular Ca 2+ of similar magnitude to that observed in cells from 
neonatal slices (30). Interestingly, 10 nM ryanodine, which releases Ca 2+ from 
the endoplasmic reticulum, prolonged the hypoxia-induced Ca 2+ rise in adultbut 
not neonatal cells, suggesting that Ca 2+ -induced Ca 2+ release may contribute to 
the sustained Ca 2+ rise is adult cells (30). The presence of 0 2 -sensitive responses 
in adult AMC is in contrast with our previous report where only 1/27 juvenile 
cells responded significantly to hypoxia as determined by K + current inhibition 
(33). Unfortunately, it was not determined if hypoxia inhibited outward currents 
or caused membrane depolarization of adult AMC in adrenal slices. 

How can the presence of 0 2 -sensing in adult AMC be reconciled with its 
absence in juvenile cells? It seems reasonable to suggest that in long-term culture 
experiments, there was a return of the non-neurogenic 0 2 -sensing mechanism, 
similar to the effects ofdenervating adult AMC in vivo (28). However, this point 
is more difficult to reconcile in the studies that used cells maintained in short- 
term culture or in slice preparations. One possible explanation is that there is a 
quantitative difference in the number of juvenile and adult AMC that respond to 
hypoxia. Such a difference could arise if the number of functional synapses 
between splanchnic nerve endings and AMC are culled during maturation, so 
that there are fewer in the adult than juvenile adrenal gland. Indeed, it has been 
reported that innervation of the adrenal gland develops postnatally (11). One 
further potential explanation for the observed 0 2 -sensitivity of adult AMC in 
slices is the potentiation of the hypoxic responses due to hyperoxic exposure. It 
is routine in slice preparations to bubble tissue sections in 95-100% 0 2 for - 1 hr, 
and exposure to hyperoxia has been reported to augment the hypoxic ventilatory 
response of rats in a nitric oxide (NO)-dependent manner (10). Thus, it is 
conceivable that exposure to hyperoxia alters the sensitivity of AMC to hypoxia. 
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3.2. Identification and Characterization of the 0 2 -sensitive Ion 
Channels in AMC 

Ligand-gated nicotinic ACh receptors mediate CA secretion from AMC in 
mature animals via splanchnic nerve stimulation. AMC also express several 
types ofvoltage-gated ion channels that are intimately involved in the regulation 
ofCA secretion, and that are candidates for the hypoxia-sensitive ion channels. 
In addition to K + channels (see below), AMC express a TTX-sensitive Na + 
channel and three types of voltage-dependent Ca 2+ channels: the 
dihydropyridine-sensitive L-type, the conotoxin-sensitive N-type, and agatoxin- 
sensitive P-type Ca 2+ channels(4). Interestingly, theL-typechannelappearsmost 
efficiently coupled to depolarization-induced CA secretion in adult AMC (4), 
and the hypoxia-induced C A secretion from neonatal AMC could be blocked by 
the L-type channel blocker nifedipine (1, 20, 33). 

Several voltage-dependent K + channels are found in AMC, including delayed 
rectifier (K v ) and large conductance Ca 2+ -depcndent (BK) K + channels. Several 
ofthese classes of ion channels are known to be regulated by hypoxia in various 
cell types (18). For example, BK channels are thought to be a major component 
of the Oj-sensitive K + (K0 2 ) current in carotid body glomus cells (23) and the 
delayed rectifier K + channels, K v 1.5 and K v 2.1 are thought to mediate the 
hypoxia-sensitive outward currents in pulmonary myocytes (3). In order to 
identify the types of K + currents that mediate the hypoxia-sensitive outward 
currents in AMC, we tested the ability of inhibitors of different classes of K + 
channels to block the hypoxia-induced suppression of outward currents in 
neonatal AMC (31). The major component (-65%) of the K0 2 current (I K02 )was 
blocked by removal of extracellular Ca 2+ or by 50-100 nM iberiotoxin (IbTx), 
suggesting that BK channels are a major contributor. Thus the remaining -35 % 
of I K02 was attributable mainly to delayed rectifier K v channels which are 
sensitiveto20mM tetraethylammonium(TEA)(31). Additionally, AMCexpress 
a pinacidil-activated and glibenclamide-sensitive, ATP-sensitive K + current 
(K atp ) that is augmented by hypoxia (3 1). This current is reminiscent ofthe one 
carried by 0 2 -sensitive channels in neurons of the substantia nigra, which are 
thought to limit membrane depolarization during hypoxia (13). 

What is the molecular identity of the 0 2 -sensitive K v channels in AMC? 
Recent work from our laboratory raises the possibility that these channels are K v 
1.2/K V 1.5 heteromultimers, though this requires validation. Both K v 1.2 and 
K v 1.5 subunits appear to be expressed in neonatal AMC based on 
immunocytochemistry, and the heteromultimer likely comprises one of the 0 2 - 
sensitive K + channels expressed by the immortalized chromaffin cell line, i.e., v- 
myc, adrenal-derived HNK1 + (MAH) cells, which are derived from embryonic 
AMC (8). These K v channel subunits are also potential molecular components 
of the 0 2 -sensitive outward current in pulmonary myocytes (3, 29) and PC 12 
cells (K v 1.2 only) (6). The molecular characterization ofthe 0 2 -sensitive K + 
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channels in neonatal AMC need to be confirmed using expression systems and 
mutagenesis of the candidate proteins. 

It should be noted that none of the 0 2 -sensitive channels described above 
were responsible for generation of the receptor potential in neonatal AMC, 
although K atp channels could modulate its magnitude. The hypoxia-induced 
membrane depolarization persisted in the presence IbTx, Cd 2+ , TEA, and 4- 
aminopyridine (31). Though the resting membrane potential of AMC 
hyperpolarized in a Na + - and Ca 2+ -free solution, the receptor potential remained 
constant. This argues against a role for cation selective channels in generating the 
receptor potential in rat AMC, as has been suggested for adult guinea pig cells 
(12). Interestingly, glibenclamide augmented the magnitude of the receptor 
potential in our studies, suggesting that K ATP channels may play a similar 
protective role to limit the extent of membrane depolarization during hypoxia in 
AMC as in central neurons. Consistent with this notion, cromakalim, an activator 
of K atp channels, reversed the hypoxia-induced stimulation of CA secretion in 
adult AMC maintained in long-term culture (20). There is recent evidence that 
the receptor potential may be mediated by small-conductance Ca 2+ -dependent K + 
channels (SK) because apamin, an inhibitor of SK channels, can depolarize AMC 
and block the receptor potential (14, 16, 22). 
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Figure 3. The mitochondrial electron transport chain complex I inhibitor, rotenone, mimics and 
attenuates the effects of hypoxia on neonatal adrenomedullary chromaffin cells. A: Nystatin 
perforated patch clamp recordings (step to +30 mV from -60 mV) from a neonatal AMC exposed 
to control (C), hypoxia (H), 10 pM rotenone (Rot), hypoxia+rotenone (Rot+H), and washout (W). 
Both hypoxia and rotenone inhibited outward currents and the combined effects of rotenone and 
hypoxia did not exceed the suppression seen by rotenone alone. B: Current-voltage plots for the 
cell currents shown in A. C: Current-clamp recording from a single AMC in a small cluster of ~ 1 0 
cells. Both spontaneous action potential generation and a receptor potential of ~ 1 2 mV are visible. 
All current-clamp recordings from the same cell are 500 ms in duration and illustrate that 10 pM 
rotenone depolarizes the cell and blocks the hypoxia-induced receptor potential. 
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The hypoxic inhibition of voltage-dependent K + channels suggests that 
hypoxia may induce CA secretion via modulation of the action potential 
waveform. We recorded membrane potential in neonatal rat and mouse AMC 
from singly-isolated and small clusters of cells. Interestingly, single isolated cells 
were often quiescent and fired action potentials superimposed on the receptor 
potential (Fig. 2C) (33), whereas those in small clusters (>8 cells) frequently 
fired spontaneous rhythmic action potentials at ~ 1 Hz (Fig. 3C) (32). Exposure 
to hypoxia did not significantly modulate the frequency of action potentials in 
clustered AMC, but caused a reversible broadening ofthe spike duration that was 
primarily associated with a prolongation of the decay phase, as would be 
expected if K + channels were inhibited (Fig. 3C) (32). However, we also 
observed a slight increase in the rise time of the action potential that could arise 
from inhibition of a conductance that is active at the resting membrane potential. 
Candidates for these channels include non-selective cation conductances (12) and 
SK channels (14, 16, 22). 

4. Investigations of the O z Sensor in AMC 

Several models have been developed to identify the 0 2 -sensor and signal 
transduction pathways in various 0 2 -sensitive cells. In one ofthe earlier models, 
the signaling pathway involved reduced superoxide (0 2 * ) generation via 
NADPH oxidase inhibition (7). The best evidence that NADPH oxidase can 
function as the 0 2 sensor comes from studies on airway chemoreceptors, i.e., the 
pulmonary neuroepithelial bodies (NEBs). NEBs deficient in the 0 2 -binding 
gp9 l phox subunit ofthe NADPH oxidase failed to respond to hypoxia as measured 
by inhibition of outward currents in wild type cells (9). An alternative model 
proposes that changes in reactive oxygen species (ROS) generated by the 
mitochondrial electron transport chain act as the key signal mediating the effect 
of hypoxia. Many controversial reports have appeared suggesting both increased 
and decreased ROS generation in the mitochondria as the link between the 02- 
sensor and activation of hypoxia inducible factor la (35) and/or inhibition of K + 
channels (19). In other models, an 0 2 sensor that is a component of, or closely 
associated with, the 0 2 -regulated ion channel itself has been proposed (18). The 
hypoxic inhibition ofBK channels persisted in excised patches (17), suggesting 
that K + channel inhibition by hypoxia may in some cases involve a membrane- 
delimited mechanism. However, since mitochondria have been reported to be 
associated with excised membrane patches (24), a role for these organelles as the 
0 2 sensor still remains viable. 

4.1. Is NADPH Oxidase the 0 2 Sensor in AMC? 

To investigate if NADPH oxidase functions as the 0 2 -sensor in neonatal 
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AMC we utilized the gp9 \ phox knockout mouse model and monitored outward K + 
currents, membrane depolarization, and CA secretion following exposure to 
hypoxia. Wild type neonatal mouse AMC appeared to express similar 0 2 - 
sensitive properties as the rat; thus, hypoxia caused K + channel inhibition, 
depolarization of the resting potential (i.e., receptor potential), action potential 
broadening and enhanced CA secretion (32). Interestingly, all aspects of the 0 2 - 
sensing mechanism persisted in neonatal AMC from the oxidase-deficient or 
knockout mice, indicating that the NADPH oxidase is unlikely to be an 
important 0 2 sensor in AMC. It is important to note that the possibility still 
remains that an 0 2 -binding gp9F A "-like protein is expressed in AMC, or 
alternatively, the cell may compensate for the gp9l phm disruption, such that 0 2 
sensing is maintained. The simplest interpretation ofthe data is that the NADPH 
oxidase is unlikely to be an important 0 2 sensor in AMC because: i) pulmonary 
NEBs from the same gp9 ^“-deficient animals lack 0 2 -sensitivity, indicating 
this protein complex can function as the 0 2 -sensor in some tissues, and ii) 
pharmacological inhibition of the ETC (see below) can mimic and attenuate the 
effects of hypoxia on K + currents, whereas loss of NADPH oxidase function can 
not. 

4.2. Electron Transport Chain Inhibition May Act as the 0 2 Sensor 
in AMC 

Several specific inhibitors of each of the four complexes of the ETC have 
been extensively characterized and can be utilized to investigate whether or not 
the 0 2 -sensor is consistent with a mitochondrial location. Figure 3 (A and B) 
show that rotenone (a complex I inhibitor) can inhibit outward currents in 
neonatal AMC. It should be noted that hypoxia plus rotenone caused no further 
suppression of outward current, suggesting convergence of the two pathways 
(22). Figure 3C shows a typical response to hypoxia (~5 mmHg) of a 
spontaneously active AMC, recorded from a small cell cluster. Both hypoxia and 
rotenone induced membrane depolarizations that were not additive (Fig. 3C and 
D), and were associated with action potential broadening (Fig. 4). This suggests 
that hypoxia and block of electron transport at complex I utilize a common 
mechanism for ion channel inhibition, and tentatively localizes the 0 2 sensor of 
AMC to mitochondria. Interestingly, we did not observe any significant effect 
of 5 mM cyanide (a complex IV inhibitor) on neonatal AMC, with the exception 
of 1 of 5 cells tested where CN induced membrane hyperpolarization (Fig. 4) 
(22). This latter observation contrasts with that of Mojet et al. (21) who showed 
that CN raised intracellular - Ca 2+ and activated CA secretion from AMC, 
presumably mimicking hypoxia. One possibility to explain this discrepancy is 
that CN is acting at other 0 2 -dependent cellular systems or that it activates 
secretion by a different pathway to hypoxia. 
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Figure 4. Hypoxia and rotenone prolong action potential duration in neonatal AMC. A: Hypoxia 
(Hyp) and rotenone (Rot) reversibly broadened action potentials recorded from spontaneously 
active neonatal chromaffin cells. For comparison purposes and to eliminate the effects of hypoxia- 
induced membrane depolarization, action potentials were adjusted to start at the same resting 
potential. “Rec”, recovery/washout. B: Effects of hypoxia (n=90 spikes from 4 cells), rotenone 
(n=50 spikes from 3 cells), and cyanide (n=30 spikes from 2 cells) on action potential duration 
and spike frequency. Hypoxia and rotenone (5 pM), but not cyanide (2.5 raM), caused a slight 
increase in the rise time of the action potential (t riK ), significantly prolonged the decay phase 
("Way) an d half width of the action potential (t holf ). Hypoxia and rotenone, but not cyanide caused 
a slight but non-significant decrease in action potential frequency. Note that the effects of hypoxia 
were attenuated or abolished in the presence of rotenone, but not cyanide. All records were 
obtained using the nystatin perforated patch configuration of whole-cell recording in 1=0 mode. 
* P<0.05 vs. normoxic control. 



4.3. Reactive Oxygen Species May Function as the Second 
Messenger During Hypoxic Chemoreception 

If hypoxia is sensed by the mitochondria, how is the signal transduced to 
plasmalemmal K + channels? Our data suggest that hypoxia decreases ROS 
generation from the ETC at a site upstream of the classical 0 2 and CN binding 
site of cytochrome c oxidase (complex IV) and downstream of the rotenone 
binding site in complex I. We tested if alterations of ROS could account for K + 
channel inhibition during hypoxia. Exogenous H 2 0 2 , an 0 2 -signaling pathway 
second messenger, reversed the effect of hypoxia on K + currents, and the ROS 
scavenger, N-acetylcysteine, mimicked and attenuated the hypoxic inhibition of 
K + currents (Thompson and Nurse, unpublished data). Taken together, these data 
suggest that hypoxia decreases ROS generation by the ETC of AMC. A similar 
mechanism, involving inhibition of mitochondrial ROS generation has been 
proposed to explain the 0 2 -sensitivity of pulmonary myocytes (19). 
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5. A Model of 0 2 Sensing in Neonatal AMC 

We propose the following model for the 0 2 signaling pathway in AMC (Fig. 
5). During hypoxia, 0 2 availability is decreased and ROS generation at a critical 
site of the proximal ETC is reduced. The key ROS may be H 2 0 2 , which is 
generated in the mitochondria by the dismutation of 0 2 ", is freely diffusible, and 
can be long-lived depending on catalase levels in the cell. The combined 
inhibition of BK, SK, and K v channels leads to or enhances membrane 
depolarization and action potential broadening, increasing Ca 2+ influx through 
nifedipine-sensitive L-type Ca 2+ channels and CA secretion. Although 
controversial, it appears that the ability of AMC to directly respond to hypoxia 
disappears along a time course similar to the maturation of sympathetic 
innervation to the adrenal gland. 




Figure 5. A working model of the 0 2 -sensing mechanism of neonatal AMC. Hypoxia is detected 
by the electron transport chain (ETC), a component of the inner mitochondrial membrane (IMM), 
reducing the production of superoxide radical (0 2 “) from the ETC. 0 2 " is rapidly dismutated to 
H 2 0 2 by the mitochondrial enzyme superoxide dismutase (SOD) and crosses the outer 
mitochondrial membrane (OMM). The overall decrease in cytoplasmic H 2 0 2 modulates plasma 
membrane ion channels. It is proposed that SK channels are inhibited and K ATP channels activated, 
resulting in a receptor potential. K AXP channels appear to limit the magnitude of the receptor 
potential. Additionally, in spontaneously active AMC, H 2 0 2 is hypothesized to inhibit large- 
conductance Ca 2 *-activated (BK) and delayed-rectifier (K v 1 .2/ 1 .5) channels, thereby broadening 
the action potentials. The combined receptor potential and modulation of the action potential 
waveform opens L-type Ca 2+ channels, causing Ca 2+ influx and catecholamine exocytosis. 
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Clearly, this model will have to be tested more rigorously using excised 
patches from AMC to determine modulation of the channels by putative second 
messengers (e.g., H 2 0 2 ) and with knockout models that lack key ETC proteins. 
The fact that the 0 2 -sensitivity of these cells appears to be intimately associated 
with innervation (25, 33) means that this naturally-occurring developmental 
change in phenotype may be used as a powerful tool for elucidating the 
molecular identity of the sensor. Future work should focus on determining how 
the change in 0 2 -sensing phenotype develops and what are the cellular and 
molecular mechanisms that contribute to it. 
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1. Introduction 

The ability to sense changes in 0 2 availability is conserved among various 
cell types (21). In particular, chemosensitive cells such as carotid body type I 
cells and pulmonary artery smooth muscle cells respond to hypoxia with a 
characteristic sequence of events: inhibition of 0 2 -sensitive K + (K0 2 ) currents, 
membrane depolarization, and changes in intracellular Ca 2+ concentration 
([Ca 2+ ]i)(21). [Ca 2+ ]j is important to regulate cell function (e.g., contraction and 
neurotransmitter release) and gene regulation. Inhibition of K + channels is thus 
a very important event that links hypoxia to cell function. Although much 
progress has been made in identifying the different steps of the 0 2 -sensing 
process, the molecular mechanisms underneath are not fully understood. A major 
drawback in obtaining a more comprehensive understanding of the cellular 
response to hypoxia has been the lack of a suitable cell line that will provide a 
continuously replicating supply of chemosensitive cells that exhibit many 
characteristics of their normal counterparts. We have established that 
pheochromocytoma (PC 12) cells respond to hypoxia in a manner that is 
reminiscent of 0 2 sensitive cells in vivo. This cell line has been since utilized as 
a model system to study the biophysical and molecular mechanisms by which 
cells respond to reduced 0 2 tension. In the current chapter, we will discuss the 
characteristics of this cell line. In particular, we will focus on the properties and 
functional role of the (Deregulated K + channels expressed in PC 12 cells. 

2. Pheochromocytoma (PC 12) Cells 

The PC 12 clonal cells were originally derived from rat adrenal medullary 
tumors (12). These cells synthesize catecholamines (in particular dopamine and 
norepinephrine) and release them in response to a variety of stimuli (12). 
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Although this cell line has been widely used as a model system for 
neurobiological and neurochemical studies, in the past ten years, PC 12 cells have 
proven to be an important tool in better understanding the different aspects of 0 2 - 
sensing. The interest in PC 12 cells as possible chemosensitive cell line arose 
from the many similarities that exist between PC 12 and the carotid body (CB) 
type I cells. The type 1 (glomus) cells are the 0 2 -sensing cells of the CB and their 
function is to transmit information concerning the arterial 0 2 tension to primary 
sensory afferent terminals by release of neurotransmitters (21). Both PC 12 cells 
and CB type I cells have neural crest origin; both demonstrate chromaffin cell- 
like characteristics and synthesize catecholamines, especially dopamine, as their 
major neurotransmitter. Importantly, CB type I cells respond to hypoxia by 
releasing catecholamines and upregulating tyrosine hydroxylase (TH, the rate 
limiting enzyme in the production of dopamine) activity and expression (4, 9). 
Millhorn and colleagues first demonstrated that gene regulation and signal 
transduction pathways involved in the regulation of TH production are similarly 
influenced by hypoxia in PC 12 cells (27). Prolonged exposure of PC 12 cells to 
hypoxia causes an increase in TH gene expression in PC12 cells just like in CB 
type I cells (9, 10). This increase in TH gene level upon hypoxia is due to both 
elevated gene transcription rate and prolonged mRNA stability (10). These 
observations suggested that PC 12 cells represent a very useful model system for 
detailed study of 0 2 signal transduction. Further confirmation of their 
chemosensitive phenotype came from studying the effects of acute hypoxia on 
PC 12 cells: exposure to hypoxia triggers the same sequence of early 0 2 -sensing 
events observed in CB and other chemosensitive cells. 

3. Oxygen Sensitivity of PC 12 Cells 

An initial critical step in the process of 0 2 -sensing common to 
chemosensitive cells is membrane depolarization upon exposure to hypoxia (21, 
22). This event is essential for activating voltage-sensitive Ca 2+ channels and 
producing the increase in [Ca 2+ ]| necessary to trigger many physiological 
responses such as constriction (in pulmonary artery) and neurotransmitter release 
(in CB). Like other oxygen-chemosensitive cells, PC 12 cells respond to acute 
exposure to hypoxia with membrane depolarization. Whole-cell current-clamp 
studies of membrane potential show that hypoxia causes membrane 
depolarization in PC 12 cells (Fig. 1A) and that the degree of membrane 
depolarization is proportional to the severity of the hypoxic stimulus and is 
independent of external space Ca 2+ (31). The membrane depolarization is 
necessary to activate voltage-dependent Ca 2+ channels, thereby increasing 
cytosolic Ca 2+ . Indeed, Fura-2 experiments indicated that hypoxia induces a 2-3 
fold increase in [Ca 2+ ]j in PC 12 cells (Fig. IB). A similar effect of hypoxia on 
Ca 2+ homeostasis has been reported for CB type I cells and pulmonary artery 
smooth muscle cells (21, 22, 25). Ultimately, these responses lead to transmitter 
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release. Indeed, amperometric measurements indicated that hypoxia evokes 
dopamine and norepinephrine release in PC 12 cells (19). The hypoxia-induced 
exocytosis occurs via depolarization, leading to Ca 2+ influx primarily via N-type 
Ca 2+ channels (30). Overall, a primary response to acute hypoxia in PC 12 cells 
is facilitation of release of neurotransmitters such as dopamine (DA), 
norepinephrine (NE) and adenosine (18, 19, 30, 31). Although the role of these 
transmitters in transduction of the hypoxic stimulus is still controversial, recent 
findings show that DA and adenosine exert a feedback control on cellular 
excitability and function in PC 12 cells during hypoxia via stimulation of D 2 and 
A 2 receptors, respectively (18, 32). 




Figure 1. 0 2 -sensing mechanisms triggered by acute hypoxia in PC12 cells. A: Acute hypoxia 
induces cell depolarization. Membrane potential ( E m ) was recorded in current-clamp mode. B: 
Acute hypoxia increases [Ca 3 *],. Arrows indicate point of introduction of hypoxia (Hyp; Po 2 <10 
mmHg) and return to normoxic conditions (Rec; Po 2 = 1 50 mmHg) in panels A and B. C: Acute 
hypoxia inhibits a Ko 2 current. Superimposed current traces were recorded in normoxia (Nor), 
after steady-state inhibition by hypoxia (Hyp) and after returning to normoxia (Rec). D: The effect 
of hypoxia on the outward K* current, elicited by a 800-ms test pulse of +50 mV, was determined 
under control conditions with a holding potential (HP) of -90 mV (open bar, standard bath 
solution with 2 mM CaCl 2 and Ca 2+ -free pipette solution, n=l 1), in the presence of 5 mM TEA 
(n=4) or 20 nM CTX (n=7), in Ca 3+ -free external medium (n=5) or using a HP of -30 mV (n=5). 



All the above series of events necessary to produce the functional response 
to hypoxia are triggered by the initial inhibition of a K + conductance (20). PC12 
cells, like other chemosensitive cells, express an Ko 2 channel that is inhibited by 
hypoxia (21). Exposure to hypoxia (PO 2 <l0 mmHg) induces inhibition of an 
outward slow-inactivating voltage-dependent K + current, and this effect is 
reversible upon returning to normoxia (PO 2 =T50 mmHg) (Fig. 1C). The 
magnitude of hypoxia-induced inhibition of the K current depends on the 
severity of hypoxia. Perfusion with progressively lower P0 2 reduces the K 
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current in a step-wise fashion (31). The K0 2 current in PC12 cells is present at 
the voltage range oftheir resting potential ( ca . -35 to -45 mV), thus its inhibition 
results in membrane depolarization (31). Detailed whole-cell voltage-clamp 
studies have indicated that the K0 2 current in PC 12 cells is a slowly-inactivating 
voltage-dependent K + current which is blocked by tetraethylammonium (TEA), 
a blocker of voltage-dependent K (K v ) channels (31). Taylor and Peers (30) have 
confirmed that inhibition of a TEA-sensitive K + conductance is indeed 
responsible for the hypoxia-evoked depolarization and consequent exocytosis in 
PC 12 cells. Figure ID illustrates the characteristics ofthe K0 2 current in PC12 
cells by showing the relative inhibition ofthe K + current induced by hypoxia 
under various experimental conditions. In control conditions, hypoxia inhibits 
the K + current by approximately 20%. Exposure of cells to 5 mM external TEA 
results in loss ofthe hypoxia-induced inhibition ofthe K current. Furthermore, 
the Ko 2 current in PC 12 cells is inhibited by charybdotoxin, a potent blocker of 
K v channels (in particular K v 1 .2 and K V 1 .3) and Ca 2+ -activated K (K Ca ) channels. 
Although Kq, channels are expressed in PC12 cells, they do not appear to be 02- 
sensitive. Indeed, the K0 2 current is not sensitive to Ca 2+ . Furthermore, the Ko 2 
current is not sensitive to the holding voltage. In fact, the same percentage 
inhibition ofthe K + current by hypoxia was observed in experiments performed 
in Ca 2+ -free medium and in experiments where the holding potential was kept at 
-30 mV. Therefore the K0 2 current in PC 12 cells does not appeal' to be either a 
K Ca or a transient K + current. 

4. Oxygen-sensitive K + Channels in PC 12 Cells 

The outward K0 2 current that is selectively and reversibly inhibited by 
hypoxia in PC12 cells is carried by a K v channel. K0 2 currents have been 
characterized in other chemosensitive cells. In most chemosensitive cells such 
as carotid body type I cells and rat pulmonary artery smooth muscle cells , the 
K0 2 current is voltage-dependent; however, in rat carotid body and in 
neuroepithelial body, a background K + current was also recently proposed to 
constitute an 0 2 -sensitive K + conductance (1,3, 11, 14). At least four types of K + 
channels are expressed in PC 12 cells, distinguished by their unitary current 
conductances and current-voltage relationships: a small conductance K + channel 
(Ksm;14 pS), a Ca 2+ -activated K + (K Ca ) channel (102 pS) and twoK + channels 
with similar conductance (20 pS; Fig. 2A-B) (7, 15). These last two channels 
differ in their time-dependent inactivation: one is a slowly-inactivating channel 
(Kdr), while the other belongs to the family of fast transient K + channels (Ktr). 
Patch clamp studies revealed that hypoxia selectively inhibits only the 20 pS 
slowly-inactivating delayed-rectifier type of K + channel in PC12 cells (7). Figure 
2C shows the single-channel properties of the 20 pS K0 2 channel recorded in a 
cell-attached patch in PC 12 cells and the effect of hypoxia on the channel 
activity. Single-channels currents were elicited by step-pulse depolarization in 
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normoxia and 2 min after hypoxia. The inhibitory effect ofhypoxia was apparent 
in the decreased amplitude of the ensemble-averaged currents due to a decrease 
in open probability (P 0 ) of the channels, with no change in conductance (Fig. 2C, 
bottom panels) (7). The effect ofhypoxia on the Ko 2 channel in PC 12 cells as 
well as CB type I cells and other recombinant Ko 2 channels is manifested by a 
similar mechanism involving a decrease in channel P 0 , a slowing of activation 
kinetics, and little effect on channel closing (7, 11, 23). Interestingly, the 
sensitivity to hypoxia of the K0 2 channel is maintained in inside-out patch 
configuration both in PC 12 cells and CB type I cells, suggesting that cytosolic 
soluble factors might not be required for the hypoxic response (7, 11). 
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Figure 2. Characterization of single Ko 2 channels in PC 1 2 cells. A: The unitary current-voltage 
(i/V) relationships of a delayed-rectifier (Kdr) channel and a transient (Ktr) K v channel which 
have similar conductance but different time-dependent properties. The i/V relationships were 
obtained using a 800 ms ramp pulse depolarization from a holding potential (HP) of -60 mV to 
+50 mV (2.8 mM K* in the pipette). The straight lines indicate the slope conductance for Kdr (19 
pS) and Ktr (20 pS). Outward K* currents (ensemble-average currents) of Kdr and Ktr channels, 
elicited by a 180 ms step pulse from -60 to +50 mV in the same patch, respectively, are shown 
in right panels. B: The i/V relationships of the small conductance (Ksm) K v channel and a large 
conductance Kq, channel show that the slope conductances are 15 and 102 pS for K$m and K^ 
channels, respectively. C: Hypoxia inhibits the activity of the 20-pS Kdr channel. Top panels 
show representative currents, elicited by 180 ms step depolarizing pulses from -60 to +50 mV 
before (normoxia) and after 2-min exposure to hypoxia (10% 0 2 ). The corresponding ensemble- 
averaged currents (from 100 consecutive traces) are shown in bottom panels. Dashed lines 
represent the zero current. The slope conductance, measured by ramp depolarization, is shown 
in the inset (Modified from Refs. 6 and 7). 
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5. Molecular Properties of Ko 2 Channels in PC 12 Cells 

Further molecular biological experiments have indicated that the K0 2 channel 
in PC 12 cells belongs to the K V 1 subfamily (6, 7). K v channels are tetrameric 
arrangements of 4 separate pore-forming a subunits and auxiliary (3 subunits (5). 
The genes that encode functional K v a subunits are classified in 4 major 
subfamilies: K v l-K v 4. New subfamilies (K v 5.1-K v 10) are recently added. The 
molecular composition ofK0 2 channels is still under investigation. The K v a 
subunits implicated in forming K0 2 channels in PA are: K v 2.1 (homomultimer 
or heteromultimer in combination with the electrically silent K v 9.3 a subunit), 
K v 1.5, K v 1.2, K v 3.1b (21). K v 4.1 and K v 4.3 have been proposed in rabbit CB 
(26). We have identified the K v 1.2 a subunit as an important component of the 
Ko 2 channel in PC 12 cells (6, 7). The 0 2 -sensitivity ofK v 1.2 homomultimers 
was also confirmed in recombinant studies in L cells or Xenopus oocytes (6,16). 
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Figure 3. Expression of genes encoding for the a subunit of delayed-rectifier type of tC channels 
in PC12 cells. A: RT-PCR products for K v 1.2, K v !.3, K v 2.1, K v 3.1, and K v 3.2 in PC12 cells 
maintained for 1 8 hrs in a normoxic (C) or hypoxic (H, 1 0% 0 2 ) ) incubator. The relative intensity 
(in arbitrary units) of each band, averaged from 7 experiments for K v 1.2 and 4 experiments for 
other K v channels, is shown in the bar graph. B: 0 2 -sensitivity of PC12 cells after prolonged 
exposure to hypoxia (18 hr, 10% 0 2 ). Whole-cell K + currents (I K ) elicited by a 800 ms test pulse 
from -70 to +50 mV were measured before (C) and after 1 -min exposure to hypoxia (H). Hypoxic 
inhibition of I K is significantly greater in cells maintained in hypoxia than in cells maintained in 
normoxia (19 % vs 35% in hypoxic cells; P<0.05) (Modified from Refs. 6 and 7). 



PC 12 express different genes that may encode the a subunits of delayed 
rectifier types of K + channels: K v 1.2, K v 1.3, K v To identify the K v a subunits that 
form the K0 2 channel in PC 12 cells, we studied the regulation of K v gene 
expression by chronic hypoxia. It is known that 0 2 -sensitive tissues (e.g., the 
carotid bodies) enhance their chemosensitivity in the process of adaptation to 
chronic hypoxia (29). Regulation of the K0 2 channel expression by chronic 
hypoxia has also been shown to occur in other cell types (2, 8, 25). We found 
that expression of the K v 1.2, but not other K v genes, was increased by -40% 
after prolonged exposure to hypoxia (Fig. 3A). The increased expression of the 




395 



K v 1 .2 gene correlated with an enhanced acute response to hypoxia in those cells 
pre-exposed to 10% 0 2 for 18 hrs (Fig. 3B) (7). These data provided the first 
evidence that the K0 2 channel in PC 12 cells is a homo- or heterotetramer of 
K v 1.2 subunit, as the pharmacological and electrophysiological studies described 
above had suggested. Indeed, it was shown previously that expression of K v 1.2 
gene in a mammalian cell line leads to a delayed rectifier K + channel of 18 pS 
conductance (13). The conductance and gating properties ofthis channel are very 
similar to those of the Ko 2 channel we identified in PC 12 cells. Expression of 
other K v a genes is associated with K + channels of much different conductance 
(e.g., 27 pSfor K v 3.1) (13). 




-Ab -Ab 

Figure 4. Effect of acute hypoxia on K + currents after selectively blocking K v 1.2 and K v 2.1 
channels with specific antibodies. A. Schematic diagram showing how the antibodies (Ab) are 
delivered to the cytosol through the pipette (left), and block K + efflux by binding to the C-terminal 
epitope of the channel polypeptide (right). B: Hypoxia-induced inhibition of K + currents (I K ) in 
cells dialyzed with an anti-K v 1.2 antibody (Ab), an anti-K v 2.1 Ab, or an irrelevant antibody 
(IgG). * PsO.OOl vs. K v l,2 Ab (Modified from Refs. 6 and 7). 

In addition to K v 1.2, PC 12 cells also express a K v 2.1 a subunit. K v 2.1 
channels have been proposed as possible Ko 2 channels in PA (2, 24). Although 
the K v 2.1 gene is not regulated by chronic hypoxia in PC12 cells, it is still 
possible that afunctional Ko 2 channel formed by the K v 2. 1 subunit might be also 
expressed. It is known that K v channel regulation can post-transcriptionally 
occur, independently on mRNA levels. In PC12 cells K v 2.1 protein levels are 
increased by exposure to nerve growth factor, with no change in steady-state 
levels of K v 2.1 mRNA (28). The molecular nature of the functional K0 2 
channel/s in PC 12 cells was established by selective block of the channel activity 
with the corresponding antibody (Ab) (6). The anti-K v antibodies used are 
prepared against the C-terminal part of their corresponding K v channel protein. 
The anti-K v Ab dialyzes into the cell through the patch pipette, binds to the 
corresponding antigenic portion of the K v v a subunit and blocks, possibly by 
steric hindrance, the flow ofK + ions through the channel pore (Fig. 4A). Using 
antibodies against the K v 1.2 polypeptide to block K v 1.2 channels and by 
comparing the obtained results with similar experiments performed in the 
presence of anti-K v 2.1 Ab, we have confirmed that the K0 2 channel in PC 12 
cells is composed of K V 1 .2 a subunits (Fig. 4B). The specificity of the anti-K v l .2 
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antibody was established by immunohistochemical and western blot experiments. 
We have also established the feasibility of using the anti-K v 1.2 antibody to 
selectively block the K + current carried by K v 1 .2 channels (6). The use of K v 
channel antibodies as experimental tools to assess the molecular nature of the 
K0 2 channels has been done by others and elegantly applied recently by Sanchez 
and colleagues (2, 26). Dialysis of PC12 cells with specific antibodies against the 
Kvl. 2 a subunit prevented the hypoxia-induced inhibition of voltage-activated 
K + currents. Cells dialyzed with anti-K v 2. 1 Ab maintained their response to 
hypoxia, as shown in Fig. 4B. This important finding confirmed that, in PC 12 
cells, afunctional K v 1.2 a subunit is necessary for the response of the K0 2 
channel to hypoxia and that the K v 2. 1 channels are not 0 2 -sensitive. 




Figure 5. A model for hypoxic modulation of Ko 2 channels in PCD cells and its functional 
consequences. PCD cells express at least four types of voltage-dependent K + channels: delayed 
rectifier (Kdr), transient (Ktr), small conductance (Ksm) and Ca 2+ -activated (K Ca ) K + channels. 
Exposure to acute hypoxia selectively inhibits the Kdr channel. The subsequent decrease in K + 
currents through Kdr channels results in membrane depolarization, activation of voltage- 
dependent Ca 2t channels, increase in [Ca 2+ ] : , and transmitter release. Kdr channels are encoded 
by different genes. Chronic hypoxia increases the expression of 0 2 -sensitive K v 1.2 channels. 



6. Summary 

The limitations residing in using fresh chemosensitive cells to study 0 2 - 
sensing mechanisms (i.e., small number of 0 2 -sensitive cells present and cell 
heterogeneity) have been greatly overcome by the availability of immortalized 
cellular models such as PC 12 cells and, more recently, H 146, a model of 
neuroepithelial cells (17, 27). Overall, the physiological response to reduced 0 2 
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tension in PC 12 cells is similar to the response in other 0 2 -sensitive tissues. 
PC 12 cells, like other chemosensitive cells, express voltage-dependent K0 2 
channels (Fig. 5). We have gathered various evidences indicating that the K0 2 
channel in PC 12 cells belongs to the K V 1 subfamily ofK v channels and is 
formed by the K V 1 .2 a subunit. Flypoxia exerts two effects on K0 2 channels: an 
acute effect occurring within minutes consists of inhibition of the channel 
activity, and a chronic effect occurring after prolonged exposure to hypoxia 
which is associated with regulation ofthe channel itself(21). In PC12 cells acute 
hypoxia inhibits the K0 2 channel and this inhibition is responsible for the 
cascade of events that culminate in neurotransmitter release: membrane 
depolarization, activation of voltage-gated Ca 2+ channels and increase in 
cytosolic Ca 2+ . Chronic hypoxia selectively upregulates expression of the K v 1.2 
a gene and its corresponding functional K0 2 channel. Hence, various finding 
have confirmed the chemosensitive phenotype of PC 12 cells so that this cell line 
will continue to provide a useful model to study the signaling mechanisms that 
underlie the 0 2 sensitivity of these K + channels and other proteins important in 
the process of 0 2 sensing. 
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1. Introduction 

Chronic hypoxia causes structural changes in the pulmonary arteries. 
These features are further influenced by inequalities of flow and by loss of tissue 
when there is associated lung disease. This chapter will address the clinical 
settings in which hypoxia leads to pulmonary vascular disease and cor 
pulmonale, the nature of the vascular abnormalities observed and the cellular and 
molecular basis for their development, progression and potential to regress. 

2. Clinical Settings in Which Hypoxia Causes Pulmonary 
Vascular Disease 

2.1. High-altitude Hypoxia 

In persons living at high altitude , there is chronic elevation of pulmonary 
artery pressure, only a small portion of which is reversible with ad mi nistration 
of oxygen. The peripheral arteries are more muscular than normal and have a 
decreased lumen diameter. The severity of pulmonary hypertension is variable 
and almost always improves on return to sea level, at least at rest. In response 
to exercise, it may increase markedly, suggesting limited functional reserve, 
owing to persistent structural abnormalities (17). 

2.2. Upper Airway Obstruction 

Severe upper airway obstruction from a variety of causes may be 
complicated by the development of pulmonary hypertension. These include, 
obstructive sleep apnea which may be associated with the Pickwickian 
syndrome. Obesity, through the increased work of breathing and C0 2 production, 
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stresses the respiratory control system and, hypoventilation causes further C0 2 
retention and hypoxia, Damage to the respiratory center is rarely a primary 
disorder or can be cause of secondary to trauma or other neurologic disease. 
Although removal of the airway obstruction often results in a prompt return to 
normal pulmonary artery pressure and resolution of the heart failure these 
symptoms can persist for some time due to slow regression of hypoxia-induced 
structural changes in the pulmonary vascular bed. 

2.3. Lung Disease 

Lung disease is the most common cause of hypoxia-induced pulmonary 
vascular disease. It is the result of hypoxic vasoconstriction compounded by the 
adverse effects of long-standing polycythemia (microthrombi) and elevated 
pulmonary venous pressure secondary to dysfunction of the hypoxemic left 
ventricle. Treatment of the lung disease will decrease the level of pulmonary 
artery pressure and hence allow some regression of the structural changes. 
Pulmonary vascular disease is rare with obstructive lung disorders, such as 
asthma, and more common with parenchymal disorders associated with loss of 
tissue, such as cystic fibrosis (41). Restrictive lung disease also may be 
associated with pulmonary hypertension. These include diffuse interstitial 
fibrosis, radiation fibrosis and chemotherapy toxicity, and infiltrative lung 
tumors. Neuromuscular disorders affecting the chest wall, (e.g., Duchenne 
muscular dystrophy, and Werdnig-Hoffman disease, also can cause pulmonary 
vascular remodeling, as can diseases affecting the vertebrae and rib cage, such 
as severe scoliosis (13). 

2.4. Persistent Pulmonary Hypertension 

Perhaps best studied, is the hypoxia causing persistent pulmonary 
hypertension in the newborn, where the sustained vasoconstriction of the fetal 
circulation is maintained in the perinatal period. Resolution of the hypoxia 
allows for dilation of the pulmonary circulation and is generally associated with 
prompt return to normal hemodynamics. 

3. Structural Changes in the Pulmonary Arteries 
3.1. Clinical Studies 

In clinical tissue frompatients living at high altitude or with severe lung 
disease and associated pulmonary hypertension, the structural features in the 
pulmonary circulation include extension of muscle into arteries that are 
peripheral and normally non-muscular, medial hypertrophy of the muscular 
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arteries as well as adventitial thickening and loss in the number of distal arteries 
relative to alveoli and in association with loss of alveoli. 

3.2. Experimental Studies 

A variety of studies in animals have been undertaken to address the 
mechanisms leading to the evolution of the pulmonary vascular disease in 
association with hypoxia. It has been noted that at altitude severe pulmonary 
hypertension may in fact represent a maladaptive response related to the amount 
of intrinsic muscle in the vessel wall. The llama, develops little acute or chronic 
pulmonary hypertension and has the least muscle pulmonary circulation of all 
species tested (49). In the rat, the development of structural changes and 
sustained pulmonary hypertension appears to occur after 3 days of chronic 
hypoxia (air at half atmospheric pressure, P0 2 = approximately 40 mm Hg). Over 
the ensuing 2 weeks, pulmonary artery pressure progressively doubles and is 
associated with progressive extension of muscle into peripheral normally 
nonmuscular arteries, medial hypertrophy of normally muscular arteries, and 
reduction in arterial number, all proceeding in parallel, and right ventricular 
hypertrophy is evident. The hemodynamic and structural response progress 
slowly thereafter, suggesting an adaptation. The structural changes induced by 
hypoxia appear to be less severe in mature female experimental animals, and 
those of both sexes exposed to hypoxia through the period of development may 
show less potential for regression (39) (29). Regression of smooth-muscle 
hypertrophy may be accompanied by a relative increase in the amount of elastin 
and collagen (30); so the vessel, although less muscular, nonetheless may be 
abnormally noncompliant. Collagen increases in hypertensive pulmonary 
arteries, and stretch may be the stimulus (5); inhibition of collagen synthesis 
decreases chronic hypoxic pulmonary hypertension and vascular changes (34). 
Loss of small arteries may not, however, be recovered, explaining why the 
pulmonary vascular - bed may have limited functional reserve. 

3.3. Adventitial Remodeling: Elastin and Collagen 

Stenmark et al. (43) took newborn calves to a simulated high altitude of 
4,300 m and observed severe pulmonary hypertension with right -to-left shunting 
owing to the rapid development of suprasystemic levels of pulmonary artery 
pressure. There was striking medial hypertrophy and remarkable proliferation of 
a dense adventitial sheath that, in large vessels, was sometimes seen to exhibit 
neovascularization (Fig. 1). Hypoxia induced adventitial fibroblast proliferation 
has been related to protein kinase CC, (11). The contribution ofthe extensive vaso 
vasorum of the adventitia has been recently investigated (12). Stem cells have 
been identified in these vessels which have the capacity to differentiate into both 
endothelial as well as smooth muscle cells and may play a critical role in the 




406 



structural remodeling that is associated with hypoxia (12). Studies have shown 
striking synthesis of elastin in the pulmonary arteries of these neonatal calves 
(36). There may be a role for IGF-1, as increased expression ofthis growth factor 
stimulates elastin synthesis in cultured vascular cells (14), as does TGF-13 (25). 
Studies in the piglet by Allen and Haworth (1) showed that when the animal is 
subjected to hypoxia from birth, the fetal medial musculature does not regress, 
but connective tissue synthesis is not stimulated. When hypoxic exposure begins 
at 3 days of age, however, that is, after the fall in pulmonary vascular resistance 
and the regression of the fetal musculature, neosynthesis of elastin is apparent. 




Figure 1. A: An artery from the lung of a 2-week-old calf raised at a simulated altitude of 4,300 
m from birth. Systolic PAP was 100 mmHg. There is marked medial hypertrophy and adventitial 
thickening with neovascularization (*400). B and C: In situ hybridization localization of 
tropoelastin mRNA in control and hypertensive vessels from neonatal calves. White staining over 
areas indicates tropoelastin mRNA labeling. In normotensive vessels (B), labeled cells 
( 33 S-labeled T66-T7) were confined to the inner media. Minimal signal is noted in the outer vessel 
wall. In vessels from hypertensive animals (14 days of hypoxia) (C), intense autoradiographic 
signal was observed throughout the media, albeit in a patchy distribution (Modified from Ref. 36). 



4. Relating Acute Vasoconstriction and Vasoactive Mediators 
to Hypoxic Remodeling 

A variety of studies attempted to show how acute vasoconstriction or a 
direct hypoxic ‘injury’ initiates the structural changes observed in the pulmonary 
arteries. Angiotensin II appears to be unimportant as a hypoxic vasoconstrictor 
but nonetheless is critical to the mechanism responsible for inducing vascular 
disease because of its biological properties in stimulating vascular smooth 
muscle cell hypertrophy and proliferation (33). Chronic hypoxia is associated 



407 



with an increase in angiotensin I and II receptors (9). On the other hand, we 
showed that chronic infusion of angiotensin II by releasing prostacyclin (PGI 2 ) 
is actually protective of the pulmonary hypertension and vascular changes that 
develop during chronic hypoxia (40). Fetal and neonatal lamb pulmonary artery 
smooth muscle cells in culture show a decrease in the production of PGI 2 in 
response to acute hypoxia (38), as do bovine endothelial cells (27). 

Although a variety ofvasoactive blockers will lowerpressure, endothelin 
(ET) receptor blockade appears to be most promising as a selective strategy in 
reversing acute hypoxic pulmonary vasoconstriction (HPV) as well as the 
remodeling associated with chronic hypoxia. For example, an ET-A receptor 
blocker has proven most effective in reducing the structural abnormalities 
associated with hypoxia-induced pulmonary hypertension in piglets (2). These 
studies have provided convincing evidence that the high ET levels are causally 
related to HPV. In addition, hypoxia inhibits ET-B receptor-mediated NO 
synthesis (NOS) (42). Impaired NOS and vasodilatation in chronic hypoxia is 
also associated with impaired cGMP-dependent mechanisms (6). To this end 
protection against the structural changes associated with chronic hypoxia has 
been achieved with sildenafil, related in part to the induction of natiuretic 
peptides (57). Agents also shown to be effective in the treatment of chronic 
hypoxic pulmonary hypertension in rats, include inhibitors of 5 -lipoxygenase 
activating protein (FLAP) (51) as well as of cyclic 3'-5' GMP-specific phospho- 
diesterase (10) and continuous inhalation of NO (22). Recently much attention 
has focused on the NOS inhibitor asymetric dimethylarginine, ADMA and 
reduced concentrations of its metabolite dimethylarginine dimethylamino- 
hydrolase has been observed (3). Additional strategies have been aimed at 
preventing acute HPV by activating K + channels. However, recent gene therapy 
studies replacing the Kvl.5 channel have restored HPV while at the same time 
attenuating the remodeling associated with chronic hypoxia, specifically the 
medial hypertrophy of the muscular arteries (35). 

5. Relating Genetics to Hypoxic Pulmonary Vascular Disease 

Studies in transgenic mice suggest that genetic factors might modulate 
the response to chronic hypoxia. For example, in the absence of hemoxygenase 
1, there is reduced production of CO and its associated vasodilatory effects (54). 
PGI 2 synthetase overexpression is protective against the hemodynamic and 
vascular changes of pulmonary hypertension. Serotonin has been implicated 
either in the increased vasoreactivity of the Fawn hooded rat and there is 
attenuated severity of disease in mice lacking the serotonin transporter gene or 
serotonin receptors (15, 19). We also showed that increased endogenous 
expression of serine elastase inhibitors will effectively reduce chronic 
hypoxia-induced pulmonary hypertension (56) as will exogenous administration 
of elastase inhibitors (28). 
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Figure 2. Lack of pulmonary vascular remodeling in HiJ2*’~ mice. Panels (A-E): Hart’s elastin 
staining revealed the presence of vessels, located distally to the bronchi, at the level of alveoli and 
alveolar ducts, that contained only an IEL (or an IEL plus an incomplete EEL) (arrows) in lungs 
of normoxic (N) WT (A) and Hif2*'~ mice (B). Lungs of hypoxic (//) WT mice showed the 
presence of thick-walled vessels containing both an IEL and a complete EEL (arrows; C and D), 
whereas no hypoxia-induced vascular remodeling occurred in Hif2 w ~ mice (arrows; E). F-J: SMC 
a-actin staining shows the presence of partially muscularized peripheral vessels (arrows) in lungs 
of normoxic WT (F) and mice (G). Chronic hypoxia caused pulmonary vascular 

remodeling in WT mice, as revealed by the presence of fully muscularized vessels (arrows; H and 
I), but not in mice (arrows, J). Bar = 50 pm in all panels (Modified from Ref. 7). 



Both vascular endothelial growth factor (VEGF)-A and VEGF-B 
overexpressing mice show attenuation of chronic hypoxic pulmonary vascular 
disease (26). The protective mechanism of VEGF-B is unknown. Paradoxically, 
VEGF-B deficient mice, also show attenuation of chronic hypoxic pulmonary 
hypertension and pulmonary medial thickening (52). In VEGF-A overexpressing 
mice the protective mechanism is related to induction of nitric oxide synthase 
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(NOS). This is supported by the fact that in the NOS deficient mouse alveolar 
and associated vascular growth is impaired in hypoxia (4). Consistent with this, 
blockade of the VEGF receptor in newborn rat pups causes alveolar deficiency 
and pulmonary artery hypertrophy and pulmonary hypertension (24). In fact the 
combination of VEGF receptor blockade and hypoxia causes a very severe form 
of pulmonary hypertension and associated vascular changes (e.g., obliteration of 
small vessels in which there is evidence of intravascular endothelial cells) (44). 
The mechanism is thought to be related to apoptosis of endothelial cells and then 
the emergence of a resistant population of cells. In fact a caspase inhibitor which 
protects against apoptosis as well as with a bradykinin antagonist prevented these 
obliterative lesions whereas the pulmonary arterial medial hypertrophy persisted. 

Carbon monoxide aggravates the effects of hypobaric hypoxia as 
reflected by an increase in the number of muscularized peripheral pulmonary 
arteries and in a more severe increase in pulmonary vascular resistance. 
Overexpression ofhemoxygenase-1 protects mice against the inflammation and 
structural remodeling of chronic hypoxia (31). Heterozygous deletion of the 
transcription factor, hypoxia-inducible factor (HIF)-la, is associated with 
delayed development of polycythemia, right ventricular hypertrophy and 
pulmonary hypertension in chronically hypoxic rats (55). More recently the 
heterozygous deletion of the homologue, HIF-2d, was shown to be associated 
with protection against pulmonary hypertension in association with suppression 
in endothelin- 1 and plasma catecholamine levels (Fig. 2) (7). 

6. Growth Factors and Hypoxia-Induced Structural 

Remodeling of Pulmonary Arteries 

Studies by Thompson et al. (45) focused on the efficacy of growth 
inhibitors in preventing vascular disease. Heparin infusion decreases the severity 
ofhypoxia-induced vascular changes, presumably by decreasing smooth muscle 
hyperplasia. Sulfonate groups in the heparin molecule have been shown to play 
a critical role in this growth inhibitory effect (16) which is influenced by the 
Na + /H + antiporter (37). Other studies have also shown that calcitonin gene related 
peptide administered by gene transfer not only attenuates HPV and remodeling 
but enhances the effects of phosphodiesterase inhibitors (8). 

7. Proteolytic Activity and Hypoxic Pulmonary Vascular 
Disease 

While some studies have shown that increased activity of 
metalloproteinases is prevalent during the regression of vascular disease (48) but 
inhibition of metalloproteinases appears to aggravate experimental pulmonary 
hypertension in rats (50). Our group has focused on the specific contribution of 
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Figure 3. A and B: Muscularization of distal pulmonary arteries in mice hypoxic for 26 days. 
Lung sections were immunostained for SMC a-actin before hematoxylin staining. A: Fully 
muscularized artery associated with alveolar duct of a nontransgenic hypoxic mouse. Arrows 
denote alveolar duct-associated arteries. B: Morphometric analyses of fully plus partially 
muscularized pulmonary arteries (15-50 pm external diameter) associated with alveolar ducts. 
*P<0.004 vs normoxia. tj°=0.035 vs nontransgenic hypoxia. C: Loss of distal pulmonary arteries 
in mice subjected to chronic hypoxia for 26 days. Lung sections were stained with van Gieson 
elastin stain. Mean±SE of arteries per 100 alveoli are presented. *P<0.02 vs normoxia. fP< 0.02 
vs nontransgenic hypoxia. D: Increase in RV pressure in mice subjected to acute (10% 0 2 for 15 
min) or chronic hypoxia (26 days). Mean±SE. *P<0.01 vs normoxic, nontransgenic acute 
hypoxia. t/ 3 <0.004 vs nontransgenic chronic hypoxia (Modified from Ref. 56). 



serine elastase activity to the progression and regression ofpulmonary vascular 
disease. We showed that there is heightened activity of a serine elastase 2 days 
after exposing rats to chronic hypobaric hypoxia and that inhibition of elastase 
by infusion of elastase inhibitors will greatly ameliorate the severity of 
pulmonary hypertension as well as the associated structural abnormalities which 
include extension of muscle into normally non-muscular peripheral arteries, 
medial hypertrophy of muscular arteries and reduction in the number of small 
peripheral arteries (28). Similar repression of disease is observed in a transgenic 
mouse in which there overexpression of the naturally occurring serine elastase 
inhibitor, elafin, is targeted to the vasculature under the regulation of the 
preproendothelin promoter (Fig. 3) (56). In unpublished studies we showed that 
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regression of hypoxia-induced vascular disease in rats, which occurs upon return 
to room air, is accompanied by smooth muscle cell apoptosis. We reported that 
induction of smooth muscle cell apoptosis via elastase inhibition can reverse the 
fatal form of pulmonary hypertension induced by monocrotaline. 



Vascular Remodeling, Elastase, MMP, and Tenascin 






MMP ► Tenascin, 

SMC Proliferation, 
Hypertrophy, and 
CT Synthesis 



Figure 4. Schema showing how an elastase can induce changes in matrix proteins resulting in 
smooth muscle cell proliferation and migration. 
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Figure 5. Schema showing how serum factors signal elastin gene transcription. Serum factors 
including apoAl induce MAP kinase activity, leading to nuclear translocation of AML1, and 
increase in elastin gene transcription. 
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Figure 6. Influence of NO donors and a cGMP mimetic and inhibitor on SMC elastase activity. 
Elastase activity was evaluated by measured solubilized [ 3 H]-elastin in the culture medium after 
24 hrs of incubation. A: Serum-starved SMCs were maintained serum free or incubated with 
serum-treated elastin (STE) after pretreatment with the NO donor SNAP (0.1-1 mM) for 30 min. 
B: Comparison of SMC elastase activity under control conditions or stimulated by serum-treated 
elastin (STE) after pretreatment with NO donors DETA NONOate (0.1-1 mM), SNAP (1 mM), 
and the cGMP mimetic 8-pCPT-cGMP (1 mM) for 30 min. The effect of pretreatment with the 
PKG inhibitor Rp-8-pCPT-cGMP (20 pM) on reversing SNAP suppression of elastase activity 
was also evaluated. Means±SE. *P<0.05 vs. the control; f/ J <0.05 vs. STE with no pretreatment; 
J/*<0.05 between designated groups. C and D: Influence of NO donors, cGMP mimetic and 
inhibitor, and peroxynitrite (ONOO') on ERK phosphorylation. Serum-starved cells pretreated 
with DETA NONOate, SNAP (0.1-1 mM), 8-pCPT-cGMP, ONOO' (0. 1 mM), and an inactivated 
negative control for ONOO' (0.1 mM) (C) or retreated with SNAP (1 mM) in the presence or 
absence of coadministration with Rp-8-pCPT-cGMP (20 pM) (D) were stimulated by STE or 
control elastin for 5 min. Cell lysates (10 pg) were analyzed by SDS-PAGE and immunoblotted 
with phospho-specific or -nonspecific ERK antibodies. Means ± SE (n=3 experiments). *P< 0.05 
vs. the control elastin; t P< 0.05 vs. STE with no pretreatment; fP<0.05 between designated 
groups (Modified from Ref. 32). 

In our laboratory we are currently investigating a transgenic mouse in 
which the response to chronic hypoxia produces more severe pulmonary 
hypertension that does not regress upon return to room air. The most striking 
feature is the failure of new growth of peripheral arteries. The mechanisms 
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involved are being by correlating this phenotype with the genotype as 
determined by a micro-array approach. 
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Figure 7. Hypothetical model for the regulation and function of Tenascin-C (TN-C) in vascular 
SMC. A: Vascular SMC attach and spread over native type-I collagen using pi integrins. Under 
serum free conditions, the cells withdraw from the cell cycle and become quiescent. B: 
Degradation of native type I collagen by matrix metalloproteinases (MMPs) leads to exposure of 
cryptic RGD sites that preferentially bind p3 subunit-containing integrins. In turn, occupancy and 
activation of p3 integrins signals the production of TN-C. C: Incorporation of multivalent TN-C 
protein into the underlying substrate leads to further aggregation and activation of p3-containing 
integrins (aP3), and to the accumulation of tyrosine-phosphorylated (Tyr-P) signaling molecules 
and actin into a focal adhesion complex. Even in the absence of the EGF ligand, the TN-C- 
dependent reorganization of the cytoskeleton leads to clustering of actin-associated EGF-Rs. 



Cell culture studies in our laboratory have been carried out to explain 
how elastase might be regulated in pulmonary artery smooth muscle cells and 
how the activity of this enzyme may lead to pulmonary vascular disease (Fig 4). 
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We have shown that plasma factors that could be present in high concentration 
if the subendothelium when here is endothelial perturbation, can induce 
production of the elastase enzyme by smooth muscle cells. The mechanism 
requires activity of mitogen activated protein (MAP) kinases specifically 
extracellular regulated kinase 1 and 2 (ERK1/2) (20,21,46). This leads to 
increased expression and DNA binding of the transcription factor AML1 (32) 
which is required for the activity of elastase (Fig. 5) (53). Studies by our group 
showed that NO donors repress phosphorylation of ERK1/2 and the consequent 
expression and DNA binding of AML 1 and elastase activity (Fig. 6) (32). This 
suggests a mechanism whereby NO may influence not only the vasoactive 
response to chronic hypoxia but also the structural remodeling. Increased 
production of elastase causes release of growth factors such as FGF-2 in a 
mitogenically active form resulting in smooth muscle cell proliferation (47). 
These growth factors can activate metalloproteinases, and augmentation of the 
proteolytic cascade leads to upregulation of tenascin C which in turn amplifies 
the proliferative response to growth factors by inducing changes in the 
cytoskeleton which lead to the clustering and facilitate transactivation of growth 
factor receptors (Fig. 7). 

We reason that breakdown of elastin and other extracellular matrix 
protein by elastase could in this way cause abnormal proliferation of medial 
smooth muscle cells causing medial hypertrophy and of pericytes causing 
muscularization of abnormally muscular peripheral arteries. Loss of small 
arteries may also be a function of breakdown of the extracellular matrix and 
basement membrane of small vessels causing endothelial cell apoptosis. 
Inhibition of elastase causes smooth muscle cell apoptosis leading to regression 
of medial hypertrophy. 

8. New Directions in Understanding Hypoxia Induced 
Structural Remodeling 

The current use of transgenic mice with specific genes overexpressed or 
deleted will continue to provide new insights into the pathogenesis of hypoxia 
induced pulmonary vascular disease. Microarray technology as well as proteomic 
approaches should reveal genes and gene products that are associated with the 
phenotypes observed (18). Cell biology pathways will identify novel pathways 
to intervene in reversing structural abnormalities. 
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1. Introduction 

Hypoxic pulmonary hypertension (HPH) contributes to the morbidity and 
mortality of adult and pediatric patients with various lung and heart diseases. The 
pathogenesis of HPH comprises sustained vasoconstriction, and structural 
remodeling of the pulmonary arteries that is characterized by medial and 
adventitial thickening of muscular arteries and muscularization of the normally 
non-muscular arterioles (28). The vasoconstriction involves direct hypoxic 
activation of vascular smooth muscle and endothelial cells, increased activity of 
vasoconstrictors such as endothelin- 1 (ET-1) and serotonin (5-HT), and deficient 
activity of vasodilators such as nitric oxide (NO) and prostacyclin (PGI 2 ). The 
hypoxic activation and mediator imbalance are also implicated in the complex 
pathobiology of pulmonary arterial wall thickening that includes medial smooth 
muscle and adventitial fibroblast cell growth and migration, and deposition of 
extracellular matrix proteins. 

The role of intracellular signaling via the small GTPase RhoA and its 
downstream effector Rho-associated kinase (Rho/Rho-kinase signaling) in the 
pathogenesis of HPH is unknown. However, recent advances in the cell biology 
and pathophysiology of this signal transduction pathway in the systemic 
circulation suggest that it may play important roles in both the sustained 
vasoconstriction and arterial remodeling of HPH. The importance of Rho/Rho- 
kinase-mediated Ca 2+ sensitization of vascular smooth muscle cell (VSMC) 
contraction in acute hypoxic pulmonary vasoconstriction (HPV) is reviewed in 
Chapter 7 of this book. The objective here is to provide an overview of Rho/Rho- 
kinase signaling and to detail the emerging evidence that it is also involved in the 
pulmonary vascular response to chronic hypoxia (Fig. 1). 
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Figure 1. Overview of the postulated role of Rho/Rho-kinase signaling in the pathogenesis of 
HPH. Chronic hypoxia and/or the associated increased activity of vasoconstrictors such as ET-1 
and 5-HT, and decreased activity of vasodilators such as NO and PGI 2 , activate RhoA which then 
stimulates Rho-kinase. Rho-kinase contributes to pulmonary hypertension by: mediating Ca 2+ 
sensitization of arterial smooth muscle cell contraction and sustained pulmonary vasoconstriction, 
promoting vascular smooth muscle and fibroblast cell growth and migration and vascular 
remodeling, and regulating the expression of genes involved in increased activity of 
vasoconstrictors and deficient production of vasodilators. 

2. Rho/Rho-kinase Signaling 

RhoA GTPase (RhoA) is a member of the Rho (Ras /mniologous) family of 
small GTP-binding proteins that includes Rac, Cdc42, and numerous other 
members (3, 51, 54). These GTPases transduce signals from extracellular stimuli 
to intracellular target proteins (effectors) that regulate several complex cellular 
processes, including reorganization of the actin cytoskeleton, cell contraction, 
adhesion, migration, gene expression, and growth. RhoA cycles between an 
inactive GDP-bound and active GTP-bound form that is targeted to cell 
membranes where it stimulates its downstream effectors. RhoA activity is 
regulated, in ways that are not yet well understood, by three classes of proteins. 
It is inhibited by guanosine nucleotide disassociation inhibitors (e.g., Rho GDIa), 
activated by guanosine nucleotide exchange factors (e.g., p 1 15-Rho, PDZ-Rho, 
and LARG GEFs), and inactivated by GTPase-activating proteins (e.g., Graf and 
pl90-Rho GAP). Many cellular' responses to activation of G protein-coupled 
receptors (GPCR) are mediated via Ga 12/13 , Ga q , or Gq subunit-dependent 
stimulation of Rho GEFs and activation of RhoA (51). GPCR-independent 
signaling to RhoA also occurs and can be mediated by receptor and non-receptor 
tyrosine kinases and by recruitment of other GTPases (51, 54). Several 
vasoconstrictors, including ET-1, 5-HT, and thromboxane, activate RhoA in 
VSMC (19, 52). There is indirect evidence that hypoxia also activates RhoA in 
VSMC (50, 66) and endothelial cells (63). 
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Rho-kinase, a serine/threonine protein kinase, is a well-characterized RhoA 
effector (3, 51, 54). There are two isoforms of Rho-kinase, Rho-associated coiled 
coil-forming protein kinase (ROCK) I and II (also named ROKp and ROKa, 
respectively), with few known functional differences between them. Other RhoA 
effectors include mDial/2, protein kinase N (PKN) (also called PKC-related 
kinase 1, PRK1), PRK2, PIP5-kinase, citron kinase, rhophilin, rhotekin, 
phospholipase D, and Kvl.2. Many targets of Rho-kinase have been identified, 
including the myosin-binding subunit (MBS) of myosin light chain (MLC) 
phosphatase, myosin phosphatase inhibitor protein CPI- 17, MLC, calponin, 
LIM-kinase, adducin, ERM family proteins, and intermediate filaments. 

3. Rho/Rho-kinase in Ca 2+ Sensitization and Pulmonary 
V asoconstriction 

VSMC tone is regulated by phosphorylation (causing contraction) and 
dephosphorylation (causing relaxation) of the 20-kDa regulatory MLC. 
Phosphorylation of MLC is catalyzed by Ca 2+ /calmodulin-dependent MLC 
kinase (MLCK) and dephosphorylation by Ca 2+ -independent MLC phosphatase 
(MLCP) that is targeted to myosin by its regulatory MBS. Thus, the balance in 
activities of MLCK and MLCP regulates contraction. At a given level of 
cytosolic Ca 2+ , the activity of both enzymes can be modulated by second 
messenger-mediated pathways to change MLC phosphorylation and force, i.e., 
to change the Ca 2+ sensitivity of contraction. There are multiple mechanisms of 
Ca 2+ sensitization, but two major pathways lead to inhibition of MLCP and 
increased phosphorylation of MLC: one by Rho-kinase-mediated 

phosphorylation of the MBS, and the other by PKC-mediated phosphorylation 
and activation of the 17-kDa MLCP-inhibitor protein CPI- 17 (61). CPI- 17 is also 
phosphorylated by Rho-kinase, and recent studies suggest this pathway is a more 
physiologically significant mechanism of Ca 2+ sensitization of vasoconstriction 
than is the Rho-kinase-mediated phosphorylation of MBS (43). The opposing 
roles of MLCK and MLCP in regulation of MLC phosphorylation and 
contraction, and the pathway for promotion of contraction by Rho-kinase - 
mediated inhibition of MLCP, are illustrated in Figure 2. 

Because Ca 2+ sensitization can augment vasoconstriction, it follows that Ca 2+ 
desensitization can cause vasodilation. In addition to inducing VSMC relaxation 
by decreasing cytosolic [Ca 2+ ] and MLCK activity, the NO soluble guanylate 
cyclase -*■ cGMP -*■ cGMP-dependent protein kinase (cGK) pathway also 
decreases Ca 2+ sensitivity (4). cGMP-induced Ca 2+ desensitization has been 
attributed to cGK-mediated phosphorylation and inhibition of RhoA, and a 
resultant increase in MLCP activity. However, NO/cGMP-induced 
vasorelaxation appears to involve only a transient increase in MLCP activity, and 
sustained relaxation may be due to other cGMP-mediated mechanisms that are 
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not related to dephosphorylation ofMLC, such as phosphorylation oftelokin or 
HSP20 (13). Vasodilation by cAMP similarly involves diverse mechanisms (4), 
including inhibition of Rho/Rho-kinase signaling and increased activity of 
MLCP (51, 54). 
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Figure 2. Diagram of the relationship between Ca 2+ signaling and Rho/Rho-kinase-mediated Ca 2t 
sensitization in the regulation of VSMC tone. It is generally believed that increased cytosolic 
[Ca 2+ ] and Ca 2 7calmodulin (CaM)-dependent activation of MLCK initiate MLC phosphorylation 
and contraction. However, it is becoming increasingly clear that sustained contraction, even in 
face of decreasing cytosolic [Ca 2+ ] is due to activation of RhoA and Rho-kinase-mediated 
inhibition of MLCP which maintains, or even promotes, MLC phosphorylation. The shaded area 
illustrates the signaling pathway by which GTP-RhoA-dependent stimulation of Rho-kinase leads 
to phosphorylation of the myosin binding subunit (p-MBS) and/or the inhibitory protein CPI- 17 
(p-CPI-17) that then inhibits MLCP and promotes MLC phosphorylation and contraction. The 
Rho-kinase blockers Y-27632 and fasudil inhibit this pathway leading to increased MLCP 
activity, dephosphorylation of MLC, and relaxation. 

Several agonists elicit Ca 2+ sensitization-associated contractions in 
pulmonary arteries that are attenuated by the Rho-kinase inhibitor Y-27632 (8, 
26, 27). As reviewed in Chapter 7, Rho/Rho-kinase-mediated Ca 2+ sensitization 
also plays a major role in the mechanism of HPV. Y-27632 both prevents and 
reverses HPV in rat pulmonary arteries and perfused lungs, and it has been 
suggested that activation of Rho-kinase is essential to the sustained hypoxic 
response (50). Acute hypoxia causes an early and sustained phosphorylation of 
MLC in rat pulmonary VSMC in culture, and the sustained response is inhibited 
by the Clostridium botulinum toxin C3 exoenzyme (which ADP-ribosylates and 
inactivates Rho) and by Y-27632 (66). It was suggested that HPV is initiated by 
Ca 2+ -induced stimulation of MLCK, and the sustained response is due to 
Rho/Rho-kinase-mediated inhibition of MLCP. While Rho/Rho-kinase signaling 
clearly regulates acute pulmonary vasoreactivity, the role of Rho/Rho-kinase- 
mediated Ca 2+ sensitization in the increased vascular tone and vasoreactivity of 
hypoxic hypertensive lungs is uncertain. As discussed below in Sections 9 and 
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10, we have begun to investigate if and by what mechanisms Rho/Rho-kinase- 
mediated Ca 2+ sensitization of vasoconstriction is increased in hypoxic 
hypertensive pulmonary arteries. 

4. Rho/Rho-kinase in Vascular Smooth Muscle Cell Growth 

Thrombin-induced DNA synthesis in rat aortic VSMC is associated with 
activation of RhoA and inhibited by C3 exoenzyme and Y-27632 (55). The 
activation of RhoA apparently augments the response to activated Ras by 
reducing the expression of the cyclin-dependent kinase (Cdk) inhibitor p27 K,pl 
via activation of phosphatidylinositol 3-kinase (55). In human aortic and 
saphenous vein VSMC. RhoA mediates platelet derived growth factor (PDGF)- 
induced DNA synthesis by downregulating p27 K,pl and stimulating Cdk-2 and the 
hyperphosphorylation of retinoblastoma protein (32). In this case, activation of 
RhoA is apparently necessary and sufficient for serum- and PDGF-induced DNA 
synthesis. Angiotensin II activates RhoA in rat aortic VSMC, andC3 exoenzyme 
and Y-27632 inhibit angiotensin II-induced protein synthesis (68). Similarly, C3 
exoenzyme and Y-27632 inhibit stretch- induced activation of extracellular 
signal-regulated kinase (ERK) and stimulation of DNA synthesis in rat VSMC 
(45). Inhibition of protein geranylgeranylation, which prevents the membrane 
targeting and activation of RhoA, inhibits serum-induced proliferation and 
promotes apoptosis of rat pulmonary microvascular smooth muscle cells (62). 
However, the contribution of Rho/Rho-kinase signaling to growth 
factor/vasoconstrictor- induced proliferation, hypertrophy, and migration of 
pulmonary VSMC remains to be defined. Preliminary results in our laboratory 
indicate that Y-27632 inhibits 5-HT- but not PDGF-induced DNA synthesis in 
primary cultures of rat main pulmonary VSMC (unpublished data). Much 
remains to be learned about if and how Rho/Rho-kinase signaling interacts with 
numerous other signaling molecules and pathways to regulate pulmonary 
vascular cell growth and migration in HPH. 

5. Rho/Rho-kinase in Gene Expression 

Rho/Rho- ki nase signaling regulates the expression of several genes relevant 
to control of vascular tone and remodeling. In endothelial cells, Rho/Rho-kinase 
signaling inhibits expression of eNOS (12, 31, 63) but upregulates that of pre- 
proET-1 (21). Rho/Rho-kinase also inhibits expression of iNOS in cytokine- 
stimulated VSMC (40). The mechanical induction of ET B receptors in rat aortic 
VSMC is mediated partly by Rho-kinase (5), and the expression of the 
angiotensin II type 1 receptor is dependent on RhoA but not inhibited by Y- 
27632 (24). While Rho/Rho-kinase signaling inhibits cyclooxygenase (COX)-2 
expression and subsequent PGI 2 production in VSMC (10), RhoA activation 
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induces COX-2 expression in fibroblasts (60). Rho/Rho-kinase activation is also 
important in SRF-dependent transcription of VSMC marker genes and cell 
differentiation (20). It is unknown if Rho/Rho-kinase signaling plays a role in 
any of the changes in gene expression that occur in HPH. However, it can be 
speculated that stimulation of this signal transduction pathway in hypoxic 
hypertensive lungs might limit the upregulation and activity of eNOS, and 
perhaps of other vasodilators, and promote the upregulation of ET-1 and other 
vasoconstrictors. 

6. Rho/Rho-kinase in Systemic Vascular Diseases 

Rho/Rho-kinase signaling is implicated in the pathogenesis of various 
systemic vascular diseases (58). The Rho-kinase inhibitors Y-27632 and fasudil 
cause greater acute systemic vasodilation in hypertensive rats and patients than 
in their normotensive counterparts, implying an increased contribution of Rho- 
kinase-mediated Ca 2+ sensitization to the regulation of systemic vascular tone in 
hypertension. Treatment with Rho-kinase inhibitors also prevents coronary artery 
medial hypertrophy and perivascular fibrosis in hypertensive rats (29, 39). 5-HT- 
induced vasospasm of 1L- 1 P-treated coronary arteries is associated with 
hyperphosphorylation of MBS and MLC, and Rho-kinase inhibition prevents 
both the vasospasm and hyperphosphorylation (59). Fasudil reduces 
acetylcholine-induced coronary vasospasm in patients with vasospastic angina 
(36). In vivo gene transfer of dominant-negative Rho-kinase reverses IL-1(3- 
induced coronary arteriosclerosis (38), and Rho-kinase inhibitors suppress 
neointimal formation after balloon injury (56). 

In contrast to the considerable evidence for its involvement in systemic 
vascular - diseases, there is little information on the importance of Rho/Rho-kinase 
signaling in the pathogenesis of pulmonary hypertension. Recent studies in our 
laboratory (16, 37, 42, 47) and others (1, 18, 22, 44) indicate that Rho/Rho- 
kinase signaling plays a role in both HPH and monocrotaline-induced pulmonary 
hypertension. However, a great deal remains to be learned about how, when, and 
where in the hypertensive pulmonary vasculature this pathway is activated and 
exactly what role(s) it plays, and by what mechanisms, in mediating increased 
vascular - tone and remodeling. 

7. Role of Increased ET-1 and 5-HT in Hypoxic Pulmonary 
Hypertension 

Although several different vasoconstrictors are implicated in the complex 
pathophysiology of HPH, it is evident that ET-1 and 5-HT play major roles in the 
vasoconstriction and vascular remodeling (6, 11, 28). ET-1 is a pulmonary 
vasoconstrictor and co-mitogen, and either selective ET A or mixed ET A /ET B 
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receptor blockade attenuates HPH in rats. ET-l-induced vasoconstriction is 
mediated through activation of smooth muscle cell ET A and ET B receptors, and 
is moderated by endothelial cell ET B receptor-mediated production of NO and 
PGI 2 . ET-1, endothelin converting enzyme, and ET A and ET B receptors are 
upregulated in hypertensive rat lungs, and ET A receptor-mediated 
vasoconstriction is increased in distal hypertensive pulmonary arteries of hypoxic 
rats. Interestingly, ET-l-induced contraction of hypoxia-induced hypertensive 
pulmonary VSMC is largely independent of changes in cytosolic [Ca 2+ ], and 
might be due primarily to Ca 2+ sensitization (57). The major role of the ET B 
receptor in HPH appears to be protective (25, 53). In addition to 
vasoconstriction, ET-1 can also stimulate proliferation of pulmonary VSMC 
from several species via activation of ET A or both ET A and ET B receptors (9). 
Although ET-1 activates RhoA in VSMC (19, 52), the interactions between ET-1 
and Rho/Rho-kinase signaling in the pathogenesis of HPH are unknown. It will 
be important to determine if Rho/Rho-kinase signaling contributes to 
endogenous ET-l-induced vasoconstriction and VSMC growth, as well as the 
upregulation of ET-1 and ET A and ET B receptors, in HPH. 

5-HT is involved in both the vasoconstriction and vascular remodeling of 
HPH (11, 35). 5-HT-induced pulmonary vasoconstriction is mediated primarily 
by the 5-HT 2A receptor in normotensive arteries, but in hypertensive arteries, 5- 
HT 1b receptor expression is increased, and an augmented vasoconstriction is 
mediated by both 5-HT 2A and 5-HT IB receptors. HPH is attenuated in rats by the 
5 -HT iB/1D receptor antagonist GR-127935, and in 5-HT, B (30) and 5-HT 2B (33) 
knockout mice. 5-HT-induced proliferation and hypertrophy of pulmonary 
VSMC depend on 5-HT transport into the cell, a process enhanced by hypoxia- 
induced upregulation of the 5-HT transporter (5-HTT) (11). 5-HT-induced 
growth of bovine pulmonary VSMC is associated with tyrosine phosphorylation 
of a GTPase-activating protein, activation of Ras and Racl, generation of H 2 0 2 , 
and phosphorylation of ERK1/2 (34). HPH is attenuated in 5-HTT knockout 
mice, and in wild-type mice treated with a 5-HTT blocker (11). 5-HT activates 
RhoA in VSMC (52), and it is possible that Rho/Rho- ki nase signaling 
contributes to endogenous 5-HT-induced pulmonary vasoconstriction and VSMC 
growth, and to the upregulation of 5-HT 1B receptors and 5-HTT in HPH. 

8. Role of Deficient NO and PGI 2 in Hypoxic Pulmonary 
Hypertension 

Endogenous NO, derived largely from eNOS, is a potent inhibitor of 
pulmonary vasoconstriction and HPH (15). Although eNOS is moderately 
upregulated in hypoxic hypertensive lungs, and NO suppresses an increased 
endogenous ET-l-mediated pulmonary vasoconstriction (41, 46, 48), hypoxic 
ventilation limits lung NO production (53). Therefore, deficient production of 
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NO likely plays a role in the development of HPH. Chronic inhaled NO inhibits 
HPH, and transgenic eNOS-overexpressing mice have increased lung eNOS 
protein and activity and blunted development of HPH (49). Thus, further 
stimulation of lung eNOS expression and/or activity may attenuate HPH. 
Rho/Rho-kinase signaling mediates hypoxic inhibition of eNOS expression and 
activity in cultured endothelial cells (63), but its role in the regulation of lung 
eNOS expression and activity are unknown. As noted below in Section 11, 
chronic inhibition of Rho-kinase reduces development of HPH in rats and mice, 
and preliminary results suggest this attenuation may involve increased eNOS 
expression in the chronically hypoxic lung. 

PGI 2 elicits pulmonary vasodilation and inhibits pulmonary VSMC growth 
due at least partly to activation of adenylate cyclase and production of cAMP 
(65). Lung-specific overexpression of PGI 2 synthase in mice attenuates HPH 
(17). In contrast, decreased lung PGI 2 production is implicated in severe 
pulmonary hypertension, and PGI 2 receptor knockout mice develop exaggerated 
HPH (23). Decreased expression of PGI 2 synthase and production of PGI 2 may 
contribute to exaggerated HPH in ET B receptor deficient rats (25). The effects of 
chronic hypoxia on rat lung and pulmonary artery COX-2, PGI 2 synthase, and 
PGI 2 receptor expression are unclear (2,7). As mentioned earlier Rho/Rho-kinase 
signaling inhibits COX-2 expression and subsequent PGI 2 production in VSMC 
(10). Thus, it is possible that Rho/Rho-kinase signaling modulates COX-2, PGI 2 
synthase, and/or PGI 2 receptor expression in HPH. Conversely, a decrease in 
PGI 2 -induced production of cAMP may enhance Rho/Rho-kinase signaling. 

9. Rho-kinase Activity Mediates Increased Basal Vascular Tone 
in Hypertensive Rat Lungs 

To investigate if Rho/Rho-kinase signaling plays a role in increased vascular 
tone in HPH, we measured acute effects of intravenous Y-27632 (10 mg/kg) on 
pulmonary and systemic arterial blood pressures and cardiac output in normoxic 
control and chronically hypoxic rats breathing 21% 0 2 (47). Normoxic control 
rats were kept at Denver’s barometric pressure of -630 mmHg (inspired Po 2 ~ 
120 mmHg). The chronically hypoxic rats were exposed to hypobaric hypoxia 
(barometric pressure - 410 mmHg, inspired Po 2 ~ 76 mmHg) for 3 to 4 weeks 
before being returned to normoxia for 2 days for catheterization and 
hemodynamic measurements. Although these rats were no longer undergoing 
hypoxic vasoconstriction, they maintained high pulmonary artery pressures, i.e., 
“residual pulmonary hypertension”. While the Rho-kinase inhibitor had little 
effect on pulmonary artery pressure and pulmonary vascular resistance in control 
rats, it almost normalized the residual pulmonary hypertension in chronically 
hypoxic rats (Fig. 3). Y-27632 also reduced the pulmonary pressor response to 
acute hypoxia (10 min of 10% 0 2 ) from lft±2 to 2±0.4 mmHg in control rats and 
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from 8±1 to 1±0.5 mmHg in chronically hypoxic rats. The vasodilation by 
intravenous Y-27632 was not selective for the hypertensive lung, and there was 
marked systemic vasodilation in both the control and chronically hypoxic rats. 
Interestingly, in a preliminary experiment in chronically hypoxic rats, an oral 
dose of Y-27632 (30 mg/kg) initially caused both pulmonary and systemic 
vasodilation, but whereas systemic pressure gradually returned to pretreatment 
level, the fall in pulmonary pressure was sustained for up to 24 hrs. We do not 
know why oral Y-27632 caused selective sustained pulmonary vasodilation, but 
it appears that chronic administration via subcutaneous osmotic minipump acts 
similarly (see Section 1 1). 
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Figure 3. A: Acute intravenous administration of the Rho-kinase inhibitor Y-27632 (10 mg/kg) 
almost completely reverses the residual pulmonary hypertension (pulmonary artery pressure, PAP, 
left) and high total pulmonary resistance (TPR, right) in chronically hypoxic rats (•) after 2 days 
of re-exposure to normoxia. Y-27632 has minimal effects on pressure and resistance in normoxic 
control rats (o) (* P<0.05 vs. before value; n=5/group). B: Y-27632 (10 pM) but not nifedipine 
(10 pM) markedly reduces perfusion pressure in chronically hypoxic hypertensive rat lungs (•) 
perfused with blood at constant flow (* P<0.05 vs. respective before value; n=3/group). Y-27632 
also causes a smaller reduction in PAP in normoxic normotensive control lungs (o). These 
findings in both catheterized rats and perfused lungs indicate that most of the increased TPR after 
3-4 weeks of chronic hypoxia is attributable to Rho-kinase-mediated vasoconstriction rather than 
simply to vascular remodeling. 



In contrast to the ability ofY-27632 to both inhibit acute HPV and reverse 
residual pulmonary hypertension in chronically hypoxic rats after return to 
normoxia, we have previously observed that the L-type Ca 2+ channel blocker 
nifedipine inhibits HPV but does not reduce the residual pulmonary 
hypertension(46, 48). We have also observed that whereas inhaled NO (80 ppm) 
acutely reduces the residual pulmonary hypertension by 15±2% (46), it appears 
to be less effective than the intravenous Rho-kinase inhibitor that reduces the 
pressure by 36±2% (Fig. 3A). 

We have also compared the acute effects ofY-27632 and nifedipine on 
baseline perfusion pressure in lungs isolated from control and chronically 
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hypoxic rats and perfused with blood at constant flow (37). Normotensive lungs 
were ventilated with 21% 0 2 and hypertensive lungs with 8% 0 2 to more closely 
mimic in vivo conditions. The Rho-kinase inhibitor, but not nifedipine, caused 
slight vasodilation in normotensive lungs and marked vasodilation in 
hypertensive lungs (the high perfusion pressure in hypertensive lungs was nearly 
normalized) (Fig. 3B). Although pulmonary vascular - remodeling, i.e., medial 
thickening of pulmonary arteries and muscularization of pulmonary arterioles, 
is present in rats after 3-4 weeks of hypoxia (28), the ability of Y-27632 to nearly 
normalize the increased pulmonary vascular resistance in both catheterized rats 
and isolated lungs suggests that Rho-kinase-mediated vasoconstriction is a major 
component of the elevated resistance at this stage ofHPH. It is also apparent that 
this Rho-kinase-mediated vasoconstriction is partially reversed by inhaled NO, 
but not by short-term normoxia. 

10. Rho-kinase Mediates Increased Vascular Reactivity in 
Hypertensive Rat Lungs 

To test if Rho-kinase activity also plays a role in increased vasoconstrictor 
reactivity in chronically hypoxic hypertensive lungs, we measured pressor 
responses to KC1 (a receptor-independent and voltage -gated Ca 2+ influx-mediated 
vasoconstrictor) in normotensive and chronically hypoxic hypertensive 
physiological salt solution (PSS)-perfused lungs with and without Y-27632 
pretreatment (37). The vasoconstrictor response to KC1 was augmented in 
hypertensive lungs, and the augmentation was eliminated by Y-27632 (Fig. 4A). 
In contrast, the Rho-kinase inhibitor caused minimal blunting of the smaller KC1 
vasoconstriction in normotensive lungs, indicating that Y-27632 had little, if any, 
effects on membrane depolarization and voltage-gated Ca 2+ influx, which is 
consistent with the effects of Y-27632 in isolated rat pulmonary arteries (50). 
KC1 vasoconstriction in both groups of lungs was blocked by 1 pM nifedipine 
(not shown). Collectively, these results suggest that Rho/Rho-kinase signaling 
increases pulmonary vascular Ca 2+ sensitivity and potentiates vasoconstriction 
to voltage -gated Ca 2+ influx in HPH. 

ET- 1 and both ET A and ET B receptors are upregulated in chronically hypoxic 
rat lungs (6). To test if increased endogenous ET-1 activity contributes to the 
augmented vasoconstrictor response to KC1, we examined effects of pretreatment 
with the ET A receptor blocker BQ-123 (Fig. 4A) and the dual ET^ blocker J- 
104132 on KC1 vasoconstriction (42). The augmented KC1 response in 
hypertensive lungs was reduced equally by ET A and ET A/B receptor blockade. 
This suggested that activation of ET A but not ET B receptors played a role in the 
increased vasoreactivity to KC1; a finding in keeping with evidence that acute 
ET-1 -induced Ca 2+ sensitization of rat normotensive pulmonary artery involves 
ET A but not ET b receptor stimulation (14). ET A receptor blockade was not as 
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effective as inhibition of Rho-kinase in reducing the exaggerated response to KC1 
(Fig. 4), and further attenuation by the combination of BQ-123 plus the 5-HT 1B/1D 
receptor antagonist GR- 127935 (42) suggests that 5-HT, and possibly other 
endogenous vasoconstrictors, are also involved in stimulating the Rho-kinase- 
mediated Ca 2+ sensitization. 




Figure 4. A: The Rho-kinase inhibitor \ -21622 (Y-27, 10 pM) markedly inhibits augmented KC1 
(40 mM) vasoconstriction in hypoxic hypertensive rat lungs (HL). In contrast, Y-27632 has little 
effect on the smaller KC1 response in normotensive lungs (NL). The ET A receptor blocker BQ- 1 23 
(BQ, 5 pM) also causes some inhibition of KC1 vasoconstriction in hypertensive lungs, but has 
no effect in normotensive lungs. *P<0. 05 vs. respective vehicle (Veh) control value (n=4- 
8/group). B: While nifedipine (Nif, 10 pM) has little effect, Y-27632 (10 pM) almost completely 
reverses the vasoconstriction elicited by inhibiting NOS (200 pM nitro-L-arginine, NLA) in 
hypoxic hypertensive rat lungs. In comparison, the MLCK inhibitor ML-9 (100 pM) causes only 
partial reversal of the NLA vasoconstriction (* P< 0.05; n=3/group). These observations suggest 
that increased vasoconstrictor reactivity of hypoxia-induced hypertensive rat lungs is due largely 
to Rho-kinase-mediated Ca 2+ sensitization, and that the apparent activation of Rho/Rho-kinase 
signaling is mediated partly by endogenous ET-1 -induced activation of ET A receptors and 
suppressed by endogenous production of NO. 



We have previously observed that normoxia- ventilated hypertensive lungs 
from chronically hypoxic rats produce increased amounts of NO (53), and that 
acute inhibition of NO synthesis by nitro-L-arginine (NLA) elicits a marked 
sustained vasoconstriction that is mediated partly by endogenous ET-1 (41, 46, 
48). We investigated if this NLA-induced vasoconstriction also involves Rho- 
kinase-mediated Ca 2+ sensitization by comparing the vasodilator effects of 
nifedipine and Y-27632 (37). The Rho- ki nase inhibitor, but not nifedipine, 
caused complete reversal of the NLA vasoconstriction (Fig. 4B). Similar 
experiments showed that the MLCK inhibitor ML-9 elicited only partial reversal 
of the NLA vasoconstriction (Fig. 4B). Thus, Rho-kinase-mediated Ca 2+ 
sensitization rather than solely Ca 2 7calmodul in-induced activation of MLCK, is 
apparently essential for the marked NLA-induced vasoconstriction in the 
hypertensive lungs (41). Because we have previously found that Ca 2+ -free 
perfusion of hypertensive lungs prevents the NLA vasoconstriction, increased 
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cytosolic [Ca 2+ ] and activation of MLCK may be required for the onset of the 
response (46, 48). 




Figure 5. A: Treatment of rats with the Rho-kinase inhibitor Y-27632 (40 mg/kg/day, sq) during 
2 weeks of exposure to chronic hypoxia reduces development of pulmonary hypertension as 
reflected in decreased mean pulmonary artery pressure (PAP) and RV hypertrophy (RV/LV+S). 
N are normoxic controls and H and H+Y are hypoxic rats treated, respectively, with either vehicle 
or Y-27632 (*P<0.05 vs. respective H value; n=3/group). B: Western blot of eNOS in lungs of 
vehicle- and Y-27632-treated chronically hypoxic mice. It appears that treatment with Y-27632 
augments the upregulation of eNOS expression in hypoxic lungs. These observations indicate that 
Rho/Rho-kinase signaling plays a role in the pathogenesis of HPH, and that this might involve 
a limitation of the expression and activity of eNOS. 



11. Rho-kinase Blocker Inhibits Development of Hypoxic 
Pulmonary Hypertension 

To evaluate whether Rho/Rho-kinase signaling is involved in the 
development of HPH, we treated rats exposed to 2 weeks of hypobaric hypoxia 
(equivalent to -10% 0 2 ) with either vehicle or Y-27632 (40 mg/kg/day) via 
subcutaneous osmotic minipump. Measurements of mean pulmonary artery 
pressure and right ventricular (RV) weight/left ventricular (LV) plus septal (S) 
weight (RV/LV+S) showed that treatment with the Rho-kinase inhibitor reduced 
the severity of pulmonary hypertension (Fig. 5A), without reducing systemic 
arterial pressure or altering cardiac output (not shown). Y-27632 treatment did 
not affect the hypoxia-induced polycythemia (hematocrit = 47±1% in normoxic 
controls and 67±2 and 70±2%, respectively, in vehicle and Y-27632 hypoxic 
groups). We have similarly found that treatment with Y-27632 also reduces HPH 
in mice (16), and preliminary results support the possibility that the attenuation 
of pulmonary hypertension is associated with increased expression of eNOS (Fig. 
5B), and possibly increased NO production, in the hypoxic lung. The inhibition 
of HPH was only partial in both rats and mice, and it remains to be determined 
whether or not higher doses ofY-27632, or fasudil, a Rho-kinase inhibitor with 
possible clinical utility (58), will be more effective. Another consideration is that 
chronic inhibition of Rho-kinase might enhance the activity of other GTPases 
such as Rac (64, 67), which could possibly counteract the effects Rho-kinase 
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inhibition on pulmonary vasoconstriction and vascular remodeling. Rho-kinase 
is involved in many important cellular functions, and near total inhibition of this 
signaling molecule in vivo may have adverse physiological effects, especially 
during exposure to hypoxia. 

Other investigators have observed that statins also attenuate hypoxic (18) and 
monocrotaline-induced (22, 44) pulmonary hypertension in rats, and Abe and co- 
workers have reported that fasudil both markedly prevents and reverses 
monocrotaline-induced pulmonary hypertension (1). A direct comparison has not 
been reported, but the impression from the results of these and our studies is that 
monocrotaline-induced pulmonary hypertension may be more effectively 
prevented by treatment with Rho-kinase inhibitors than is HPH. If true, it will be 
interesting to determine why. 

12. Summary 

The small GTPase RhoA and its downstream effector Rho-kinase play a role 
in many cellular functions including cell adhesion, migration, gene expression, 
growth, and contraction. Rho/Rho-kinase signaling can promote sustained 
increases in vascular tone by both increasing the Ca 2+ sensitivity of vascular 
smooth muscle cell contraction and downregulating expression of vasodilators 
and upregulating expression of vasoconstrictors. There is considerable evidence 
that Rho/Rho-kinase activation is important in the pathogenesis of systemic 
vascular diseases such as hypertension, vasospasm, and arteriosclerosis. It is 
therefore reasonable to hypothesize that this signaling pathway also contributes 
to the pathogenesis of hypoxia-mediated pulmonary hypertension by promoting 
sustained pulmonary vasoconstriction and vascular wall remodeling. Our 
observations that an inhibitor of Rho-kinase effectively reverses high pulmonary 
vascular resistance in chronically hypoxic rats and blunts development of 
hypoxic pulmonary hypertension in rats and mice support this concept. It is now 
apparent that Rho/Rho-kinase signaling needs to be added to the blend of 
increased cytosolic [Ca 2+ ] and sundry other signaling molecules and pathways 
to fully understand the molecular pathophysiology of hypoxia-induced 
pulmonary hypertension. 
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1. Introduction: Definition of Pulmonary Hypertension 

Pulmonary hypertension (PH) is an important c lini cal complication in 
approximately 30% of interstitial and other non-neoplastic lung diseases in 
humans. The mean pulmonary artery pressures are between 25 and 45 mmHg 
and this elevation can compromise right heart function. The underlying 
mechanisms of PH in these conditions probably relates to pathologic vessel 
remodeling associated with progressive alveolar hypoxia and/or peripheral vessel 
destruction from inflammation and/or scarring. In contrast, a small fraction of 
patients with severe pulmonary hypertension in whom the pulmonary artery 
pressures are in excess of 40 mmHg are at risk life threatening right ventricular 
failure. 

Pulmonary vascular remodeling is the distinctive structural component 
associated with PH. The pulmonary arteries are composed of three layers, each 
with its characteristic cellular component. Endothelial cells predominate in the 
intima and, in physiological conditions, are its sole constituents; however, in the 
setting of elevated pulmonary artery pressures or local thrombosis smooth 
muscle cells can migrate from the medial compartment into this layer and 
transdifferentiate into myofibroblasts. The vascular media consists almost 
exclusively of smooth muscle cells (SMCs); in hypoxic PH the thickness of this 
layer dramatically increases by means of cell proliferation and hypertrophy. The 
adventitia is composed of fibroblasts which, like medial SMCs, can undergo 
alterations in cell size and number in hypoxic PH. While vasoactive molecules 
can transiently regulate the pulmonary artery pressures, established PH is not a 
functional, but a structural disease (23). 

While little is known of the natural history of primary pulmonary 
hypertension (PPH), the use of rodent models has provided great insight into the 
etiology of hypoxic PH. Additional experimental models using techniques such 
as monocrotaline injection, air embolization, or ligation of the ductus arteriosus 
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have demonstrated the heterogeneity of mechanisms responsible for PH; 
however, the underlying theme has been the inteiplay between different cell 
types within the vascular wall. It is the balance of hypoxic vasoconstriction, 
hypoxia-dependent growth factor expression, downregulation of vasodilators, 
and the impact of vascular' remodeling on vascular - resistance, which determine 
whether or not PH develops. 

Historically, chronic hypoxic pulmonary hypertension (HPH) has been the 
dominant model based on the rationale that the pathobiological information 
obtained in this model may also apply to human PH. Medial muscular - thickening 
and extension of the muscular - layer to peripheral, usually non-muscularized 
pulmonary arteries is well described in human pulmonary hypertension. While 
the data obtained with the chronic hypoxia model must be carefully interpreted 
as far their relevance to PPH is concerned, these models of HPH have great 
relevance to human pulmonary hypertension associated with chronic hypoxia. 

It is the authors’ overall goal to review the evidence linking vascular - growth 
factors and/or inhibitors to the establishment of chronic hypoxia-mediated 
pulmonary hypertension. 

2. Factors Involved in Oxygen Sensing 

While the mechanism of oxygen sensing is being progressively unraveled, 
at least three transcription factors regulate the cellular response to hypoxia in the 
lungs. The best characterized is hypoxia-inducible factor- 1 (HIF-1), a 

heterodimer that recognizes a cognate sequence within the promoter of several 
genes involved in the cellular response to hypoxia (Table 1) (25). The a subunit 
is regulated by the 0 2 concentration whereas the P subunit is constitutively 
expressed. HIF-1 knockout mice die from failed vascularization at mid-gestation, 
but heterozygous mice develop normally under normoxic conditions. 
Surprisingly, when stressed under hypoxic conditions, the pulmonary 
hypertension and vascular remodeling present in the wild type animals is 
attenuated in the heterozygotes. 

Table J: Growth/Vasoactive Factors Implicated in Hypoxia-induced Pulmonary Hypertension 



Hypoxia-inducible Factor- 1 (HIF-1) 
Heme-Oxygenase- 1 (HO- 1) 

Vascular Endothelial Growth Factor (VEGF) 
Early Growth Response- 1 (EGR-1) 

Nuclear Factor Interleukin-6 (NF-IL6) 
Serotonin (5-HT) 

Prostacyclin (PGI 2 ) 



Endothelin-1 (ET-1) 

Nitric Oxide Synthase-2 (NOS-II) 
VEGF Receptor, FLT-1 
PDGF-A and PDGF-B 
Interleukin-6 
bFGF 



Early growth response- 1 (Egr-1) is a zinc finger transcription factor, which 
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is rapidly induced in response to hypoxia in smooth muscle cells and 
mononuclear phagocytes (34). Within the lung, there is abiphasic and hypoxia- 
dependent response. While this activation is HIF independent, the molecular 
mechanism is unknown. Its induction results in the activation of many genes 
involved in vascular remodeling. Acutely, egr-1 null mice fail to induce these 
genes; however, the effect on chronic HPH has yet to be tested. 

Hypoxia mediated transcriptional induction also involve nuclear factor- 
interleukin-6 (NF-IL-6/CEBPP). First characterized as the site within the 
promoter of IL-6 responsible for hypoxic induction, binding sites for this factor 
have been found in other genes. Transgenic mice created to study expression of 
this promoter element demonstrated its ability to direct tissue specific (lung, 
heart, and kidney) transcription in response to hypoxia. Participation of this 
factor in hypoxia-induced iNOS expression in rat microvascular endothelial cells 
has recently been demonstrated; however, it is unknown how animals that lack 
this element respond to hypoxia (28). 

3. Response of the Intima, Media, and Adventitia to Hypoxia 

Within the pulmonary vasculature there are three major cell types each 
predominating in their own layer, but intimately associated with the others: 
endothelial cells (intima), smooth muscle cells (media), and fibroblasts 
(adventitia). While the vascular remodeling generally consists of smooth muscle 
cell hypertrophy/hyperplasia and smooth muscle cell migration into the smaller 
arterioles, all cell layers affect this process. 

Endothelial cells form the interface between the blood and the underlying 
cells and tissues. Rather than a passive cell barrier, endothelial cells are 
integrators, transducers, and effectors of the local vascular environment. Short- 
term exposure of endothelial cells to hypoxia results in secretion of mitogens for 
smooth muscle cells. Cyclooxgenase inhibitors and neutralizing antibodies 
identified these factors as prostaglandin F 2 and basic fibroblast growth factor 
(bFGF). Hypoxia induces other well-known mitogens such as platelet derived 
growth factor (PDGF) and vascular endothelial growth factor (VEGF), as well 
as vasoactive molecules such as endothelin- 1 that also serve to promote smooth 
muscle growth. Although there is no data on the role of PDGF in HPH, there is 
recent evidence that PDGF is upregulated in PH induced by ductus arteriosus 
ligation in the sheep, and that blockade of PDGF significantly reduces 
pulmonary pressures in this model (1). 

The medial smooth muscle cells proliferate in response to hypoxia due to 
factors secreted by the endothelium and adventitial fibroblasts in the surrounding 
layers. However, the elucidation of the direct effect of hypoxia on SMCs has 
been hampered by the phenotypic heterogeneity of SMCs isolated from the 
pulmonary arteries. This heterogeneity is illustrated by the observation that while 
large numbers of isolated SMCs fail to proliferate, there is a subset that 
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proliferates in response to hypoxia. 

Hypoxia also results in the proliferation of the adventitial fibroblasts. Not 
only do these cells respond to growth factors produced by the endothelium, but 
hypoxia also directly causes their proliferation. Working through a member of 
the G-protein family, a variety of MAP kinases are activated which result in 
cellular proliferation (5). In addition, the adventitial fibroblasts exposed to 
hypoxia also secrete HIF-1 -dependent factors that induce proliferation of the 
smooth muscle cells (24). 

4. Growth Factors Involved in Medial Smooth Muscle Cell 
Remodeling 

4.1. Serotonin (5-Hydroxytryptamine) 

Serotonin (5-HT) is a vasoactive molecule released from platelets. Acutely, 
it causes vasoconstriction, but it also functions as a smooth muscle cell mitogen. 
The mechanism of action is complex as an active transporter that internalizes 
serotonin and multiple forms of cell surface receptors are present in the cells. 
Furthermore, the expression pattern of these molecules is both cell and species 
specific. It is the balance of receptor/transporter expression and function that 
determine the cellular response. 

Hypoxia has been demonstrated to induce the secretion of serotonin from 
intact pulmonary neuroepithelial bodies and the expression of a 5- 
hydroxytryptamine transporter (5-HTT) (10). In addition, patients with primary 
pulmonary hypertension have elevated levels of serotonin, and an increased 
frequency of a polymorphism within the 5-HIT which renders cultured 
pulmonary artery smooth muscle cells more susceptible to the growth promoting 
effects of serotonin (7). 

Numerous animal studies have demonstrated a role for serotonin in the 
development of HPH. Continuous infusion of serotonin into rats exposed to 
chronic hypoxia augmented the vascular remodeling (8). 5-HT IB -receptor 
knockout mice exposed to chronic hypoxia developed less pulmonary 
hypertension and a non-significant decrease in vascular remodeling, but had no 
contractile response to a serotonin agonist (13). Although controversial, the 
mitogenic effects of serotonin appear to be mediated, at least in part, by the 5- 
HTT. Mice deficient in this transporter develop less pulmonary hypertension and 
vascular remodeling when exposed to chronic hypoxia (6). The exact pathway 
by which these cells translate the internalization of serotonin to cellular 
proliferation has not been fully elucidated. However, recent evidence suggests 
hydrogen peroxide plays an important role as a second messenger (16). 

Recently, the 5-HT 2B receptor has been implicated in HPH. 5-HT 2B receptor 
null mice failed to develop HPH, despite maintaining an acute response to 
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hypoxia. Although the mechanism by which this receptor functions in pulmonary 
hypertension is unknown, hypoxia did not cause an increase in cell proliferation 
(15). 

4.2. Endothelin-1 

Endothelin-1 (ET-1) is a multifunctional molecule, which serves as both a 
potent vasoconstrictor and a smooth muscle cell mitogen. First identified as a 
small endothelium-secreted peptide that causes vasoconstriction, ET-1 belongs 
to a family of molecules which are synthesized as preprohormones and processed 
by a converting enzyme. There are two distinct G-protein coupled receptors, ET A 
and ET B receptors. In the lung, the ET A receptor is found predominantly in the 
pulmonary vascular SMCs, whereas the endothelium expresses the ET B receptor. 
Binding of the ET A receptor on SMCs leads to pulmonary vasoconstriction and 
proliferation. 

Elevated levels of ET-1 have been found in patients with both severe and 
moderate pulmonary hypertension. Rats exposed to chronic hypoxia have 
increased levels of ET-1 and increased expression of ET A and ET a receptors (17). 
In addition, treatment of rats with an ET A receptor antagonist prevents HPH and 
significantly reverses the pulmonary vascular remodeling even after two weeks 
of hypoxic exposure. 

4.3. Inflammatory Cytokines: Interleukin-6 and Interleukin-8 

Hypoxia induces the expression of numerous cytokines and growth factors 
within the vasculature as well as mononuclear phagocytes. Hypoxia induces 
secretion ofplatelet activating factor (PAF) and PDGF from endothelial cells as 
well as macrophages. Both factors stimulate vascular - smooth muscle cell and 
fibroblast proliferation. In addition, inhibition of PAF and PDGF reduced the 
hypoxia induced IL-6 and IL-8 expression in pulmonary fibroblast and smooth 
muscle cells (26). Given the large number of upregulated cytokines, it is not 
surprising that a variety of different factors are responsible for their activation. 
Hypoxia induces IL-6 transcription through C/EBP-NF-IL-6, while EGR-1 is 
responsible for PDGF activation (Table 1) (14, 35). 

The role of inflammation in pulmonary hypertension has been observed in 
numerous animal models. Increased inflammation and cytokine production was 
directly observed in mice exposed to hypoxia. RNA prepared from hypoxic 
mouse lungs showed elevated levels of IL- 1 , IL-6, MIP-2 (functional homologue 
of human IL-8), and monocyte chemoattractant protein, MCP-1 (19). 
Interestingly, these levels were reduced in transgenic mice overexpressing lung 
heme-oxygenase- 1, animals which were also protected from developing HPH 
(19). Furthermore, rats treated with a PAF inhibitor (20) or the 5 -lipoxygenase 
inhibitor MK866, or mice lacking 5-lipoxygenase (32) had decreased pulmonary 
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artery pressures and decreased pulmonary vascular remodeling (characterized 
with intimal and medial hypertrophy). 
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Figure 1. PAP in rats with anti-VEGF and the effect of VEGF on PAP. A: Rats treated with 
neutralizing anti-VEGF polyclonal antibodies 3 times per week for 3 weeks under chronic 
hypoxia had an increase in PAP and right ventricular mass when compared with hypoxic rats 
treated with rat serum. B: Pulmonary vessel remodeling in 3 rats exposed to chronic hypoxia and 
treated with anti-VEGF rabbit serum (V 1 , V2, V3). Note the predominance of medial thickening 
of medium-sized arteries (arrows), with less than 50% medial thickness with respect to total vessel 
diameter. Focally, control rats (not shown) had thickened vessels as seen in B (panel c (d). Note 
that the hilar vessels had similar remodeling (f, g). a-g: HE, 200*, h, i: pentachrome, 100*. C: 
Infusion of rVEGF (at 200 ng/ml) in the pulmonary circulation ex vivo abolished hypoxic-induced 
vasoconstriction in the isolated perfused lung. The reduction in PAP with VEGF (b) was similar 
to that seen with normalization of alveolar 0 2 levels (a). The effect of VEGF was almost abolished 
by the eNOS inhibitor, L-NNAME (100 mM) (c). 



4.4. Vascular Endothelial Growth Factor (VEGF) 

VEGF, a critical growth and survival factor for endothelial cells, is ideally 
suited to play a role in the regulation of pulmonary artery remodeling. Produced 
by lung SMCs, macrophages, and alveolar cells under normoxic conditions, 
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VEGF is upregulated in chronic hypoxia in an NO-dependent manner (3, 30). 
Administration of neutralizing VEGF antibodies exacerbated chronic hypoxia- 
mediated PH (Fig. 1A and B). 

Furthermore, exogenous VEGF administered via an adenoviral vector 
completely attenuated intimal hyperplasia and caused regression of existing 
hyperplasia (22). When recombinant VEGF is added to isolated perfused rat 
lungs, rVEGF abolishes the hypoxic-induced vasoconstriction through the 
production of nitric oxide (NO) (Fig. 1C). Although this is an acute response, 
overexpression of VEGF could lead to chronic increases in NO and prostacyclin 
(PGI 2 ) production in the endothelium, which in turn acts to inhibit smooth 
muscle cell hyperplasia (33). 

The critical role of VEGF in maintenance of lung vascular reactivity was 
highlighted by the findings that chronic hypoxia in combination with a VEGF 
receptor blocker cause severe pulmonary hypertension associated with 
endothelial cell proliferation in rats (27). This model has several features in 
common with human severe pulmonary hypertension, in particular PPH (31). In 
a setting where phenotypically-altered pulmonary endothelial cells proliferate in 
a neoplastic-like manner, VEGF may act in a paracrine manner, stimulating the 
abnormal growth of endothelial cells (31). Indeed, we found that endothelial cells 
in plexiform lesions exhibit markers of angiogenesis, in particular, VEGF and its 
receptor II (KDR) (Fig. 2). 




Figure 2. VEGF in human PPH. In situ hybridization for VEGF mRNA in PPH lung. A: VEGF 
mRNA in bronchiolar cells in PPH lung (anti-sense probe, 2Q0x). B: Sense control. C: VEGF 
mRNA expression in perivascular macrophages (anti-sense probe, 200 x ). D: VEGF mRNA in 
bronchiolar cells in normal lung (anti-sense probe, 200x). 

4.5. Prostacyclin 



Prostacyclin (PGI 2 ), the main cyclooxygenase product in vascular tissue, 
functions as a vasodilator and inhibitor of smooth muscle cell proliferation. 
Produced primarily by endothelial cells, PGI 2 activates a family of receptors that 
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exert a broad range of biological actions by raising intracellular cAMP levels. 

Historically, its role in pulmonary hypertension was evaluated in the belief 
that a deficiency of vasodilators was the key alteration in lungs ofPPH patients. 
Patients with severe pulmonary hypertension (SPH) were reported to have 
decreased serum levels of PGI 2 and decreased expression of the enzyme 
responsible for its production (PGI 2 synthase) (29). While PGI 2 expression may 
be decreased in patients with SPH, PGI 2 levels are increased in chronically 
hypoxic rats. Using various inhibitors, the enhanced PGI 2 production depended 
on increased sheer forces secondary to the vasoconstriction as opposed to 
hypoxia per se (2). 

Although hypoxia may not directly induce PGI 2 synthesis, animals in which 
PGI 2 production has been altered vary in their susceptibility to HPH. PGI 2 
receptor knockout mice have normal pulmonary artery pressures. Following 
chronic hypoxic exposure, pulmonary artery pressure is increased and there is 
enhanced remodeling of pulmonary vesselsas compared with wild type controls 
(12). Lung-specific overexpression of PGI 2 synthase did not result in abnormal 
resting pulmonary artery pressures but prevented the development of pulmonary 
hypertension and pulmonary vascular remodeling when the mice were exposed 
to chronic hypoxia (1 1). 

The therapeutic supplementation of PGI 2 has provided further insight into the 
pathogenesis of pulmonary hypertension. PGI 2 has been shown to improve 
hemodynamics, exercise tolerance, and prolong survival in PPH subjects. 
Furthermore, PGI 2 has been demonstrated to induce long term reductions in the 
pulmonary vascular resistance that exceed those of immediate vasodilation, 
suggesting a role for inhibition of smooth muscle cell proliferation or anti- 
inflammatory effects on endothelial cells (18). Indeed, several of PGI 2 analogs 
have been shown to inhibit smooth muscle cell proliferation (4). 

4.6. Nitric Oxide (NO) 

First described as an endothelium-derived relaxing factor, NO exhibited 
potent vasodilatory effects. Subsequently, it was found to inhibit smooth muscle 
cell proliferation. The lung expresses three different isoforms of nitric oxide 
synthase (NOS). While all may affect vessel remodeling, eNOS and iNOS are 
the major form expressed within the vasculature. The effect of hypoxia of NOS 
expression has been controversial. There have been reports of both increased and 
decreased expression of eNOS within patients with chronic pulmonary 
hypertension. Recently, quantitative RT-PCR from mouse lung tissues 
demonstrated hypoxemic induction of eNOS and iNOS expression (9). 

Although still controversial, most studies using knock out mice demonstrate 
that NO diminishes the vascular remodeling induced by chronic hypoxia. While 
eNOS-deficient mice developed normally under normoxic conditions, exposure 
to chronic hypoxia resulted in fourfold greater proportion of muscularized small 
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arteries (9). Conversely, mice overexpressing eNOS within the lung had an 
attenuated response to chronic hypoxia (21). 




Figure 3. Schematic of growth factors in vascular remodeling. All three layers of the pulmonary 
vessel are indicated along with the growth factors produced after exposure to chronic hypoxia. 



5. Conclusion 

The role of growth factors in HPH is an open book, with no ending in sight. 
As novel vascular growth factors are discovered, and as we learn more about 
their biological and pathobiological role, we add a new level of understanding 
in HPH. Undoubtedly, abnormal vascular cell growth is at the center of 
pulmonary vascular remodeling in pulmonary hypertension (Fig. 3). In the next 
few years, the elucidation of master control levels of pulmonary vascular 
remodeling using genomics and proteonomics of human lung tissue 
compromised by pulmonary hypertension and transgenic models of pulmonary 
hypertension may shed important information in the relative contribution of 
growth factor in the pathogenesis of HPH. 
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1. Introduction 

For many years the arterial media in the mature pulmonary and systemic 
circulations has been thought to be composed of a homogeneous population of 
quiescent, differentiated smooth muscle cells (SMCs) whose function was 
believed to be largely rest lie ted to the regulation of vascular tone and blood flow 
in the respective circulations. In addition, the associated literature was replete 
with discussion of the idea that these resident vascular SMCs are capable of 
exhibiting a large degree of “plasticity” (5). It has been shown that, in response 
to injury, arterial SMCs can de-differentiate from a “contractile” quiescent 
phenotype into a “synthetic” phenotype, which expresses less contractile 
elements and with a greater capacity to proliferate and migrate (5). Flowever, 
while this concept of SMC “phenotypic modulation” may be accurate for 
vascular SMCs in general, it does not explain the wide variety of vascular SMC 
phenotypes now described in both normal and diseased vessels. The theory 
generally accepted today is that the vascular media in both pulmonary and 
systemic arteries is a more complex structure composed of a mosaic of different 
SMC phenotypes programmed to subserve a repertoire of distinct and diverse 
cellular functions (4,10,12,13,15,25,31,33,38). Furthermore, the genetic basis for 
this cellular diversity may be a result of distinct ancestral lineages of these cells. 

The observations regarding vascular SMC heterogeneity are not surprising 
when one considers that the vascular media must perform numerous and varied 
functions in order to maintain homeostasis of the vessel wall. Indeed, specific 
subpopulations of SMCs may respond in unique ways to stress and injurious 
stimuli providing a mechanism whereby some cells can act to repair the injury 
while others maintain functions needed for vascular homeostasis. Phenotypic 
heterogeneity of SMC at specific sties within the medial compartment of 
proximal and conduit pulmonary arteries has been well-characterized. It remains 
to be tested whether this pattern of SMC heterogeneity exists at more distal sites 
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in the pulmonary circulation, particularly in resistance vessels. The limited 
information currently available suggests that the distal arterial media is 
composed of far less heterogeneous cells than its proximal counterpart. 
Evaluation of the expression of contractile and cytoskeletal proteins in SMC of 
the distal circulation, as well as assessment of their ion channel distribution and 
cell-surface receptor expression, suggests that SMC in resistant arteries are of a 
uniform phenotype (28, 32). This observation raises the question of how distal 
pulmonary arteries (where structural reorganization of the vessel wall is thought 
to have its greatest impact) respond and adapt to stress or injury. 

The purpose of this chapter is to present the current experimental evidence 
regarding the existence of SMC heterogeneity in the medial compartment of the 
pulmonary arterial circulation. It will address differences in the SMC phenotype 
and composition of proximal versus distal arteries. It will examine the 
differences in proliferative responses of the distinct SMC subpopulations to 
hypoxia and mitogenic stimuli and begin to examine the mechanisms which 
confer proliferative advantages to select SMC sub-populations. This information 
is intended to provide a framework for a further understanding of the complex 
cellular mechanisms that contribute to the medial thickening of the pulmonary 
circulation in response to chronic hypoxia. 

2. Smooth Muscle Cell Heterogeneity in Proximal Pulmonary 
Arteries: In Vivo Analysis 

Although for years investigators had suggested differences between the SMC 
of large and small vessels, until the 1990’s there was limited information 
regarding the existence of site-specific heterogeneity of SMC within the vascular 
media. Then, studies in the systemic circulation of experimental animals began 
to suggest diversity in the SMC composition of large vessel media based on 
expression patterns of a limited number of contractile and cytoskeletal proteins. 
There remained, however, a paucity of data regarding the existence of SMC 
diversity within the pulmonary arterial circulation. A comprehensive evaluation 
of the adult bovine main and proximal pulmonary arteries was therefore 
performed to specifically address the hypothesis that the adult pulmonary arterial 
media was comprised of heterogeneous subpopulations of SMC expressing 
different biochemical markers (13). This study provided compelling data 
regarding the existence of numerous SMC phenotypes within the media of the 
main and proximal pulmonary arteries. As shown in Figure 1 and Table 1, at 
least 4 phenotypically distinct SMC subpopulations (based on differential 
expression of muscle-specific contractile and cytoskeletal proteins) could be 
identified within the adult bovine arterial media. 

These phenotypically distinct cells were found to reside in distinct regions 
in the medial compartment. In the main pulmonary artery, 3 distinct regions of 
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the media were defined based on the morphology of the cells residing in them 
and matrix fiber orientation patterns (Fig. 1). 



Kndothclium 




Figure 1 . Phenotypic heterogeneity of the cells comprising the proximal pulmonary artery tunica 
media (A and B), and schematic representation of their distinct differentiation pathways during 
development (C). A: Schematic diagram demonstrating the structural and cellular heterogeneity 
of the mature bovine main pulmonary artery media. These distinct regions of the media were 
identified based on cell morphology and arrangement, as well as elastic lamellae shape and 
orientation; LI, subendothelial region; L2, middle media region; L3, outer media region. B: 
Immunoperoxidase staining (brown) with specific antibodies against smooth muscle myosin 
heavy chain (SM-MHC) demonstrates phenotypic heterogeneity of cells within the arterial media, 
with intense positive staining in middle media L2-SMC and outer media “L3-S” SMC expressing 
SM-MHC, but the absence of immunoreactivity in subendothelial LI- and outer media “L3-R” 
cells. The tissue section was concurrently labeled with hematoxyllin to identify cell nuclei. C: 
Schematic representation of differentiation pathways based on expression of muscle-specific 
contractile and cytoskeletal proteins by different cell populations within the main pulmonary 
artery media. LI, subendothelial cells; L2, middle media SMC; “L3-S”-SMC and “L3-R”-cells, 
two phenotypically distinct cell populations within the outer region of the media. 
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A subendothelial region, arbitrarily termed LI (layer 1), is identified and is 
composed of small, irregularly shaped cells interspersed among fragmented 
particles of elastin. As shown in Table 1, cells in the subendothelial (LI) region 
do not express any of the smooth muscle markers evaluated. Accordingly, the 
phenotype of cells in this region could be defined as non-muscle. A middle 
media region, arbitrarily termed L2 (layer 2), is composed of elongated, spindle- 
shaped cells, oriented circumferentially between well-developed and continuous 
elastic lamellae (Fig. 1). Immunobiochemical analysis (e.g., immunostaining and 
Western blotting techniques) revealed that cells within this region express a- 
smooth muscle actin (aSMA), SM-myosin heavy chain (SM-MHC) SM-1 
isoform, calponin, and desmin (Table 1). Cells in this region, however, do not 
express any of the alternatively spliced muscle-specific proteins, such as SM-2 
MHC isoform, metavinculin or SM-caldesmon (Table 1). An outer medial 
region, arbitrarily termed L3 (layer 3), is composed of two cell populations, each 
with distinct morphologic appearance and pattern of cell arrangement. 

Table 1. Immunobiochemical Analysis of a-Actin, Myosin, SM- 1 Isoform, Calponin, and Desmin 



Staining for 


Main Pulmonary Artery 
LI L2 L3-S L3-R 


Distal Pulmonary Artery 
3000 pm 1500 pm 100-150 
L3-S L3-R 


a SMA 
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+ 
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Calpoinin 

SM-MHC: 
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SM-1 
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SM-2 
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- 


ND ND 


ND 


ND 


SM-B 


- 


- 


+ 


- 


+ 


+ 


+ 


Desmin 


- 


+/- 


+ 


- 


+ 


+ 


+ 


Metavinculin 


- 


- 


+ 


- 


+ 


+ 


+ 


SM-caldesmon 


“ 




+ 




ND ND 


ND 


ND 



ND, not determined. 



As schematically presented in Figure 1, large spindle-shaped cells (termed 
L3-S) arranged in compact cell clusters and oriented longitudinally within the 
vessel wall in areas devoid of elastic lamellae are seen in this region. A 
population of significantly smaller spindle-shaped cells (termed L3-R), oriented 
circum-ferentially is observed in interstitial areas between compact L3-S cell 
clusters. The L3-R cells are interspersed between well-developed, continuous 
elastic lamellae. Marked differences in the expression of muscle-specific markers 
were observed between the L3-S and L3-R cell types. L3-S cells expressed all 
the SM-specific proteins evaluated, including the alternatively spliced form of 
vinculin, metavinculin, as well as SM-2 MHC, and SM-caldesmon. Conversely, 
L3-R cells did not express any of the muscle-specific markers analyzed and 
therefore, their phenotype was defined as non-muscle. 
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Figure 2. Proliferation in the proximal pulmonary arterial media of neonatal calves with hypoxia- 
induced pulmonary hypertension occurs almost exclusively in a less differentiated SMC 
population. A: Double-label immunofluorescence staining of the outer medial region of the main 
PA of a newborn calf exposed to hypobaric hypoxia for 2 weeks. “Well-differentiated” SMC (as 
defined previously by expression of several SM-markers) are marked here by expression of meta- 
vinculin (M-VN+, green fluorescence), whereas less differentiated SMC do not express this 
muscle-specific protein (dark areas with no immunoreactivity). Proliferation (as defined by 
expression of Ki-67 nuclear proliferation-associated antigen, red fluorescence) is identified only 
in less differentiated (metavinculin-negative) cells. B: Quantitative analysis of the double-labeled 
tissue sections (as seen in A) demonstrates that more than 95% of cell proliferation observed 
within the media of different sized proximal pulmonary arteries occurs in less-differentiated 
(metavinculin-negative) cells. (TO.OOl, n=3 in each age group at each time point). 

To address the possibility that the differences biochemical phenotype 
expressed by cells in the adult arterial media were not simply the result of 
temporal “phenotypic” modulation of a single SMC type, experiments were 
performed to “track” the developmental fate of each “phenotypically unique” cell 
population (13). These studies, took advantage of the fact that cells with distinct 
phenotypes could be compared at different developmental stages because they 
were either localized to a specific medial region (i.e. LI- vs. L2-cells residing in 
the subendothelial vs. middle media, respectively) or exhibited a specific pattern 
of cell arrangement (e.g. “L3-S” cells forming longitudinally oriented compact 
cell clusters). These studies showed that the phenotypically distinct medial SMC 
subpopulations, observed in the adult media, progressed along distinct cyto- 
differentiation pathways during development, suggesting the existence of cells 
with unique genetic lineages within the large vessels of the lung (Fig. 2). 
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At the present time, the origins of these different cells remain unclear. 
However, the observations are consistent with the idea that cells of different 
origin and genetic composition contribute to the formation of the arterial media 
in large conduit vessels. In addition to cells arising from the local mesenchyme, 
mesenchymal precursor cells, neural crest cells, or bone marrow -derived 
progenitor cells may be recruited from distant sites to unique locations within the 
vessel wall and may give rise to cells with specific functional capabilities. 
Additional work is needed to define the precise lineages of SMC composing 
large pulmonary arteries. 

In summary, the composition of the vascular media in large vessels is 
complex with multiple subpopulations of both smooth muscle and nonmuscle- 
like cells existing in close proximity within the arterial media. The bovine 
species provides, perhaps, one of the most dramatic examples of this, although 
similar but less marked findings have been reported in numerous species from 
avians to small rodents to humans (4,24,25,33). 

3. Differential Proliferative Responses of Proximal Pulmonary 
Artery SMC Subpopulations to Hypoxia: In Vivo Analysis 

The existence of phenotypically distinct SMC populations raises the 
possibility that these cells play unique roles in the adaptation of the vessel wall 
to stress and/or injury. Increasing evidence suggests that phenotypically distinct 
cells may exhibit differential responses to stress or injury and thus participate 
selectively in the subsequent vascular remodeling process (9-12,18,25). This 
work challenges conventional wisdom that medial and/or intimal thickening 
following injury is simply the result of a dedifferentiation and subsequent 
proliferation and migration of a single population of “well-differentiated” SMC. 
We thus tested the hypothesis that cells exhibiting distinct phenotypes would 
exhibit selective proliferative responses to chronic hypoxia (36). We evaluated 
the proliferative behavior of distinct medial SMC subpopulations, which were 
identified by immunobiochemical staining characteristics. Two distinct SMC 
subpopulations residing contiguous to each other in the outer media were 
selectively identified based on their expression ofmetavinculin or lack thereof 
(Fig. 3A). The proliferative response of these distinct SMC subpopulations to 
hypoxia was concurrently evaluated by performing immunofluorescent staining 
of the nuclear proliferation-associated antigen, Ki-67. Quantitative analysis of 
double-labeled tissue sections demonstrated that, at every post-hypoxic time 
point studied, >95% of the overall cell proliferation occurred within only one cell 
population, the metavinculin-negative SMC population (Fig. 3B). In contrast, the 
metavinculin-positive SMC population (labeled green in Fig. 3A) remained 
quiescent. These data provides compelling evidence that distinct SMC 
populations within the neonatal pulmonary artery media exhibit markedly 
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different proliferative responses to hypoxic exposure (36). The data also raise the 
possibility that highly differentiated SMC are less susceptible to hypoxia- 
induced proliferation than cells exhibiting a less differentiated SM phenotype. 




■ Normoxia (2 1 % () 2 ) ^ Hypoxia (3% O,) 



Figure 3. Phenotypically distinct medial SMC populations exhibit markedly different growth 
capabilities under identical culture conditions. A: Growth curves demonstrating heterogeneic 
proliferative capabilities of cell populations isolated from defined medial regions in response to 
stimulation with 10% serum (left) or 10% plasma (right). B: 3 H-thymidine incorporation in 
response to hypoxia (under serum stimulation) differs significantly in distinct cell subtypes 
obtained from different medial regions of the main pulmonary artery. Cell populations were 
isolated from the following medial regions: L 1-cells from subendothelial media, L2-SMC from 
the middle media, L3-R cells and L3-S SMC from the outer media. 

In an effort to provide further support to the idea that distinct subpopulations 
of medial cells respond differentially to the stimuli imposed by chronic hypoxic 
exposure, we evaluated the expression pattern of tropoelastin (9). We chose to 
evaluate tropoelastin because in its mature form, elastin, it plays a crucial role in 
determining the structure and function of large conduit arteries. We found that, 
in response to hypoxic exposure, tropoelastin expression was induced at high 
levels in metavinculin-negative SMC populations but not in metavinculin- 
positive ones. This data supported the existence of distinct SMC populations 
within the vascular media that differ in their functional responses to the stresses 
induced by hypoxia. Collectively, these observations lend further support to the 
idea that distinct SMC subpopulations contribute selectively to the pathogenesis 
of vascular disease. 
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4. Phenotypic and Functional Properties of Proximal 
Pulmonary Artery SMC Subpopulations: In Vitro Analysis 

Studies of the cellular mechanisms conferring unique proliferative and 
synthetic responses to distinct medial SMC subpopulations require reliable and 
reproducible cell culture models. Several laboratories have now demonstrated 
that arterial SMCs with distinct biochemical and growth properties can be 
isolated from the normal arterial media of many species including avian, rodent, 
canine, porcine and human (4,15,18,25,33). For example, strong evidence 
suggests that specific ion channels are differentially expressed in SMC sub- 
populations isolated from conduit arteries (2,28). Studies, largely in the systemic 
circulation, have documented differences in the growth, migration, and synthetic 
capabilities of distinct SMC populations (4,15,18,25,33). In addition, human 
SMCs isolated from distal pulmonary arteries exhibit marked responsiveness to 
mitogenic and adenylate cyclase stimulation compared to cells from proximal 
pulmonary arteries (35). In almost all of these studies, the isolated cell 
populations maintained their unique characteristics over multiple passages in 
culture and did not converge to a common phenotype. This provides additional 
evidence that cellular diversity is due to the existence of intrinsic heterogeneity 
of arterial SMC rather than to a process of phenotypic modulation. 

We found that SMC exhibiting characteristics which correlated with the 
diverse SMC phenotypes observed in vivo could be isolated from the main 
pulmonary artery and maintained in culture (10). Four phenotypic ally distinct 
SMC populations, each exhibiting different morphological and biochemical 
characteristics, are observed in culture (Table 2). 

These cells have been broadly divided into nonmuscle-like and smooth 
muscle on the basis of morphological appearance and expression of a-SMA and 
SM-MHC. In general, the non-muscle and SM-like cell phenotypes exhibit 
distinct morphologic characteristics in culture. Nonmuscle-like cells express little 
a-SMA and no SM-MHC, exhibit a rounded or epitheliod-like morphology, and 
tend to form a monolayer at confluence. Similar cells have been described by 
several investigators in other species and termed “epitheliod SMC” (4,24,25). In 
addition, cells that express aSMA and SM-MHC in culture are routinely isolated 
from the middle media of the main pulmonary artery. The spindle-shaped 
morphology and “hill and valley” pattern of growth of this cell phenotype have 
previously been ascribed to “traditional” SMC in culture. These SMC appear 
biochemically and functionally similar to SMCs isolated by many other 
investigators from the bovine main pulmonary artery and are characterized by the 
moderate growth capabilities traditionally assigned to bovine SMC. In addition 
to these “traditional” SMC, we identified another SMC phenotype. These SMC 
are consistently isolated from the outer media and are much slower growing, 
larger in size and express characteristics of a more differentiated SMC -phenotype 
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(based on expression of metavinculin). These “well-differentiated” SMC are 
similar to the subset of “highly differentiated” SMC isolated from the porcine 
artery (15). Importantly, the heterogenic cell populations that can be isolated 
from the bovine large vessel media bear a striking resemblance to the multiple 
different SMC clones obtained from the human internal thoracic artery (18). 



Table 2. Four Phenotypically Distinct Smooth Muscle Cell Populations 





Main Pulmonary Artery Smooth Muscle Cells 


Distal PA ° 


Cells 


LI 


L2 


L3-S 


L3-R 


Distal SMC 


Phenotype 


NM 


SM 


SM 


NM 


SM 


Morphology 
Staining for: 


Round 


Spindle 


Spindle 


Round 


Spindle 


aSMA 


- 


+++ 


+++ 


- 


+++ 


SM-MHC 


- 


++ 


++ 


- 


++ 


Metavinculin 
Growth 6 


' 


" 


+ 


' 


+ 


At 10 days, 10% CS 


++++ 


+++ 


+ 


++++ 


+ 


3 H-Thymidine Incorporation c 










PDGF 


++++ 


+++ 


+ 


++++ 


+ 


bFGF 


+++ 


+++ 


+ 


+++ 


+ 


IGF-1 


+++ 


+ 


- 


+++ 


+ 


Hypoxia 


++ 


- 


- 


++ 


- 


3 H -Thymidine Incorporation c 










Hypoxia, 1 0% CS 


+ 


- 


- 


+ 


- 


31 S-Methionine Incorporation c 










10% CS 


ND 


- 


++ 


ND 


+++ 


PDGF 


ND 


- 


++ 


ND 


++ 


ANG-1I 


ND 


- 


+++ 


ND 


+++ 


TGF-P 
Cell Size d 


ND 




+-H- 


ND 


+++ 


10% CS 


ND 


+/- 


++ 


ND 


++ 



<1500 pm; b , approximate cell number increase as compared to day 1 in culture; c , approximate 
change as compared to 0.1% calf serum (CS), normoxia; d , approximate change as compared to 
0.1% CS; NM, non-muscle; SM, smooth muscle; ND, not determined 



The growth and matrix-producing capabilities of these different medial cell 
subpopulations were evaluated. The nonmuscle-like cell populations 
(subendothelial LI and outer media L3-R cells) consistently exhibited markedly 
enhanced growth under serum-stimulated (10% calf serum) conditions compared 
with SMC subpopulations (middle media L2 and outer media L3-S SMC) (Table 
2). Moreover, nonmuscle-like cells exhibited the potential to grow in medium 
supplemented with plasma, instead of serum, whereas SMC remained quiescent 
in plasma-supplemented medium. The response to peptide mitogens also differed 
among the distinct cell subpopulations (Table 2). For instance, PDGF-BB 
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markedly increased DNA synthesis in the nonmuscle-like cells (subendothelial 
LI and outer media “L3-R” subpopulations), increased to a lesser extent DNA 
synthesis in “traditional” SMC (middle media L2-SMC), and had little effect on 
well-differentiated “L3-S” SMC population derived from the outer media. 
Similar profiles of DNA synthesis were found in response to IGF-I and bFGF. 
In all studies there appeared to be an inverse correlation between cyto- 
differentiation status and proliferation with non-muscle “epitheliod” cell 
populations always exhibiting the highest growth potential. Interestingly, even 
between the two SMC populations (L2 and “L3-S” SMC) there were differences 
in the correlation between cytodifferentiation marker expression and 
proliferation. In a less differentiated L2-SMC population obtained from the 
middle media, it was common to see stimulation of proliferation with 
maintenance of both aSMA and SM-MHC expression. However, in the well- 
differentiated “L3-S” SMC subpopulation obtained from the outer media, it 
appeared that down-regulation of SM-MHC expression was necessary before 
significant increases in proliferation could be observed (10). 

We think that these cell subpopulations represent phenotypically distinct cell 
phenotypes and are not the result of “phenotypic modulation” in culture. This 
assumption is based on the following: i) characteristic, morphological, 
immunobiochemical and proliferative properties observed at early passages in 
a specific cell population are maintained over time in culture (i.e. conversion 
from one phenotype to another was not observed); ii ) each cell population was 
isolated from a specific medial region of the same vascular segment and 
exhibited biochemical and functional characteristics similar to those of cells 
observed in the corresponding medial region in vivo; iii ) the unique 
morphological, biochemical and growth characteristics of each cell population 
were maintained under different culture conditions (in serum or plasma); and iv) 
these findings were consistent in cells isolated from large numbers of animals. 

5. Differential Proliferative Responses to Hypoxia of Proximal 
Pulmonary Artery SMC Subpopulations: In Vitro Analysis 

Of great interest is the possibility that an in vitro cell culture system could be 
utilized as a model system to investigate the mechanisms responsible for the 
marked differences in the response to hypoxia observed in vivo. Thus, we 
evaluated the proliferative responses of cell subpopulations isolated from distinct 
media regions of the main pulmonary artery to hypoxia (Table 2, Fig. 4). We 
found that in the presence of serum, DNA synthesis was increased in nonmuscle- 
like cells (subendothelial LI and outer media “L3-R”) in response to hypoxia, 
whereas it was decreased in SMC (middle media L2 and outer media “L3-S”). 
We also observed that certain nonmuscle-like cell populations could proliferate 
in response to hypoxia even in the absence of exogenously added serum, a 
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unique response that was never observed in any of the SMC subpopulations even 
after prolonged periods in culture. 



H & E SM-MHC 





Figure 4. Progressive increase in the phenotypic uniformity of SMC comprising the mature 
bovine arterial media along the proximal-to-distal axis of the pulmonary vascular tree. The 
phenotype of SMC was defined based on expression of several muscle-specific markers (a-SM- 
actin, SM-myosin, calponin, desmin, metavinculin). Only immunostaining for smooth muscle 
myosin heavy chains (SM-MHC) is shown here (right). Phenotypic heterogeneity of SMC, 
identified in intralobar pulmonary arteries (iLPA), is not observed in distal arteries of approximate 
diameter <1500 pm. Rather, all SMC in small size distal arteries display a similar, uniform 
phenotype. H&E, hematoxyllin-eosin staining (left). 



Given the differential proliferative responses exhibited by the cell 
populations to hypoxic conditions, we initiated an evaluation of the molecular 
mechanisms that contribute to the hypoxia-induced proliferative responses 
observed in distinct cell subpopulations (nonmuscle SMC). We found that non- 
muscle-like cells which consistendy demonstrated augmented growth capabilities 
under hypoxic conditions, were characterized by exuberant responses to G- 
protein coupled receptor (GPCR) agonists compared to the SMC that did not 
exhibit proliferative response to hypoxia (1 1). These findings suggest that there 
may be differences in receptor expression and/or susceptibility to activation in 
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hypoxia-proliferative versus hypoxia-nonproliferative cells that contribute to the 
sensitivity to reduction in oxygen concentrations. 

We also found that the nonmuscle-like cell populations, which responded 
with increased proliferation to hypoxia, had augmented responses to stimulation 
of the protein kinase C (PKC) pathway. Since we previously demonstrated that 
activation of PKC is a requisite step for SMC to proliferate under hypoxic 
conditions (8), we evaluated the specific isozymes of PKC, which might be 
linked to this specific cell function. We found that nonmuscle-like cells had 
increased levels of immunodetectable PKCa compared with the middle media 
SMC (8). This pattern of isozyme expression was paralleled by increased PKC 
catalytic activity in nonmuscle-like subendothelial LI -cells compared with 
middle media L2-SMC. These observations raise the possibility that hypoxia- 
proliferative cells have membrane-bound receptors that are sensitive to hypoxic 
activation, as well as the ability to engage specific intracellular signaling 
pathways, which confer unique proliferative responses to cells. 

Since G-protein coupled receptors (GPCR) are also known to have potent 
effects on cAMP, and because cAMP has been shown to be an important 
modulator of cell proliferation, we tested the hypothesis that differences in 
cAMP response element binding protein (CREB) expression can function as a 
molecular' determinant of SMC proliferative capability (17). We found that in the 
large pulmonary conduit vessels, CREB content was high in the “proliferation- 
resistant” subpopulations of medial SMC (i.e. in the outer media L3-S and 
middle media L2-SMC) and low in proliferation-prone regions (especially the 
subendothelial LI medial region). We found in general that CREB content was 
decreased and SMC proliferation was accelerated in vessels from neonatal calves 
exposed to chronic hypoxia. In culture, we found that serum deprivation of 
“traditional” middle media L2-SMC led to increased CREB content and a 
quiescent growth state. In contrast, a highly proliferative population of 
subendothelial nonmuscle-like cells had low CREB content even under serum- 
deprived conditions. A correlation between CREB content and proliferation was 
further demonstrated by the observation that over-expression of wild type or 
constituently active CREB arrested cell cycle progression. Additionally, 
expression of constituently active CREB decreased both proliferation and 
chemokinesis. Consistent with these functional properties, active CREB 
decreased the expression of multiple cell cycle regulatory genes as well as genes 
encoding growth factors, growth factor receptors, and cytokines. These data 
suggest that CREB, at least in vascular - SMC, could act as a unique modulator of 
cellular phenotype determination (17). 

Collectively, our in vivo and in vitro findings regarding the cells which 
comprise the large conducting portion of the pulmonary circulation as well as the 
findings of others, support the concept that there exists heterogeneity in growth, 
ion channel expression, and in matrix-producing capabilities of different SMC 
populations, and that these differences are intrinsic to the cell type. The data also 
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strongly supports the idea that the differential proliferative and matrix-producing 
capabilities of distinct SMC populations contained within the large conducting 
vessels govern, at least in part, the pattern of abnormal cell proliferation and 
matrix protein synthesis that characterize chronic hypoxic forms of pulmonary 
hypertension. The observation that the isolated phenotypically distinct medial 
SMC subpopulations exhibit differential proliferative responses to hypoxia 
demonstrates that these cells can be used as a model system to evaluate the 
mechanisms that regulate selective responsiveness of medial SMC to low oxygen 
concentration. Finally, these data support the idea that specific PKC isozymes 
and mitogen-activated protein kinases are uniquely coupled to upstream 
membrane-bound receptors (including GPCR), which are activated under 
hypoxic conditions. These signaling pathways control expression of specific 
transcription factors, including CREB, that likely are important determinants of 
the differential growth responses to hypoxia exhibited by distinct SMCs. 

6. Phenotypic Characteristics of SMC in the Distal Pulmonary 
Circulation: In Vivo and In Vitro Analysis 

Due to its primary functions of vasoconstriction and regulation of blood flow, 
it seems likely that SMC composition of the distal pulmonary arterial bed is 
significantly different from that of the vessels in the more proximal pulmonary 
circulation. Unfortunately, there is a paucity of published data describing the 
phenotype of cells comprising the media in distal pulmonary arterial segments, 
particularly resistance size vessels which are, the locus of pulmonary circulatory 
control. Further, it remains unclear whether the complex structure seen in the 
main pulmonary artery media extends to the distal arteries, and whether the 
multiple distinct SMC phenotypes observed in the proximal pulmonary arteries 
are also present in small resistance vessels. 

We thus evaluated SMC phenotypes at various points along the longitudinal 
axis of the mature pulmonary artery bed. Interestingly, we found that the 
complex mosaic of cells observed in large proximal vessels is lost as distance 
from the heart increases (Fig. 5) (32). Unlike large conduit pulmonary arteries, 
the media of small resistance vessels, based on immunohistochemical studies, 
appears to be composed of a uniform population of differentiated SMC that 
express all the SM markers including metavinculin and SM-P-MHC isoform. 
These cells exhibit a phenotype similar to that of one population of SMC in the 
outer media of the main pulmonary artery (well-differentiated “L3-S” SMC). 

Recent studies on porcine coronary arteries have demonstrated that even 
tunica media composed of an apparently uniform cell phenotype in vivo, can give 
rise to phenotypically and functionally distinct cell populations in culture (14). 
Therefore, to further examine the cellular composition of the distal pulmonary 
artery, media cells from arteries with a diameter ranging from 600 to 1 300 jtm 
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were isolated and expanded in culture. The isolated cells were of a uniform 
spindle-shaped morphology, and expressed a-SM-actin, SM-MHC, and 
metavinculin thus supporting the in vivo observations of their “well- 
differentiated” SM phenotype (32). 




Figure 5. Primary culture of cells isolated from distal (<1000gm, diameter) pulmonary arteries 
of hypoxic hypertensive neonatal calves. Two morphologically distinct cell populations are 
observed. Cells in one population (SMC, smooth muscle cells) are large, elongated and form “hill- 
and-valley” pattern at confluence, whereas cells in another population (NMC, nonmuscle cells) 
are markedly small and rhomboidal in shape, and pile on top of each other at confluence. 



We evaluated the proliferative capabilities of these distal SMC and compared 
them to cell populations isolated from the proximal pulmonary circulation. The 
distal SMC were slow growing, with a growth rate similar to that of “well- 
differentiated” “L3-S” SMC from the outer media of the main pulmonary artery 
(MPA), and much slower than all other MPA cell populations (Table 2) (32). The 
proliferative responses of distal SMC to purified peptide mitogens (PDGF, IGF-1 
and bFGF) were much less than those of the non-muscle cell populations from 
the MPA and also significantly less than those of L2-SMC from the middle MPA 
media. The responses were very similar to those observed in the “well- 
differentiated” L3-S-SMC from the outer MPA media. The rank order of DNA 
synthesis in response to mitogen stimulation was as follows, MPA non-muscle 
cells (LI, “L3-R”) > MPA middle media L2-SMC > distal SMC > MPA outer 
media “L3-S” SMC (Table 2) (32). 

Because hypertrophy of cells has been suggested as a response of small 
vessels to hypertensive stress, the ability of distal SMC to increase 35 S- 
methionine incorporation (as a measure of protein synthesis) in response to 
purified peptide mitogens was also evaluated. We found that, in distal PA SMC 
and in MPA-“L3-S”, PDGF, angiotensin II and TGFpi stimulated significant 
increases in 35 S-methionine incorporation (protein synthesis) while causing only 
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minimal increases in 3 H-thymidine incorporation (cell proliferation). Thus, these 
responses were significantly different from those observed in the middle media 
SMC where PDGF stimulated proliferation rather than hypertrophy. 

The responses of distal SMC to hypoxia were also evaluated. Hypoxia 
consistently inhibited the growth of distal pulmonary artery SMC under all 
conditions tested, (i.e. both in the presence and/or absence of 10% calf serum. 
Table 2). Thus, it appears as though medial SMC in the distal pulmonary 
circulation, at least in the bovine species, are of a uniform phenotype, “well- 
differentiated”, and relatively growth-resistant. 

There are at least three recent in vitro studies, which have described SMCs 
isolated from distal segments of the human pulmonary arterial tree. Yang and co- 
workers (37) described two SMC phenotypes isolated from distal segments of the 
human pulmonary arterial bed that differed in their proliferative response to 
hypoxia. Hypoxia inhibited proliferation in one cell phenotype, while stimulated 
in another. Using SMC derived from the pulmonary artery of both normal and 
hypertensive patients, Wharton and co-workers described that distal SMC 
exhibited marked responsiveness to serum-stimulated proliferation and adenylyl 
cyclase-induced inhibition of growth, compared to SMC from more proximal 
regions (34). Additional work from this group demonstrated that SMCs from 
distal segments express both endothelin A and endothelin B receptors and that 
both receptor subtypes mediate cell proliferation (6). These studies, when taken 
at face value, do confirm findings in many animal species of significant 
differences in SMC phenotype between proximal and distal vessels. In some 
ways, they suggest the existence of SMC heterogeneity in small distal pulmonary 
arteries in humans; however, because the cells utilized for study were often 
obtained from diseased as well as normal vessels, and because they were often 
only minimally characterized as SMC, the studies do not definitely exclude the 
possibility that some cells described were of non-medial origin. 

7. Medial Thickening of Distal Pulmonary Arteries in 
Pulmonary Hypertension: Alternative Sources of Cells 

Studies in the neonatal bovine animal model as well as rodent species have 
demonstrated that chronic hypoxia causes marked medial thickening of the distal 
pulmonary vessels (9,19,29,36). It has been suggested that the medial thickening 
is due to proliferation and hypertrophy of resident SMC. However, our 
preliminary studies mentioned above, particularly those performed in vitro, 
would suggest that the resident medial SMC population of distal vessels is 
relatively proliferation resistant and is not stimulated to proliferate in response 
to hypoxia or even other mitogens (32). Further, in vivo studies in both the rat 
and bovine species demonstrate that proliferation in the distal medial 
compartment is observed later (usually beginning at 3-4 days in rat and 4-7 in 
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calves) than it is in other vascular compartments (3). Other possibilities, 
therefore, should be considered to explain the medial thickening. Some have 
suggested that hypoxia stimulates adventitial fibroblasts to secrete factors, which 
induce SMC proliferation (22). Another possibility, suggested 20 years ago by 
Sobin and supported by more recent data from the Jones’ group, is that 
adventitial and/or interstitial lung fibroblasts are recruited and differentiate into 
myofibroblasts and/or SMC (29,16). This idea (implicating the role of adventitial 
fibroblasts) has received a great deal of attention in the systemic circulation 
especially in balloon injury models (26,35). A final possibility supported by 
recent data in the systemic circulation is that marrow-derived circulating 
precursor cells are recruited to the vessel wall and differentiate into 
myofibroblasts or SMC (1,21,23,27,35). 

In order to better understand the mechanisms contributing to medial 
thickening in distal vessels, we performed studies evaluating the cellular 
composition of distal pulmonary arteries following exposure to two weeks of 
chronic hypoxia. In preliminary ex vivo studies, we observed marked 
heterogeneity in the staining for SM markers in the thickened distal pulmonary 
vascular media of hypertensive vessels (<1000 pm diameter) (14). Observed 
within the media were cells that did not express any of the SM markers, and cells 
that expressed a-SM-actin but not SM-myosin. 

To further examine the possibility that the remodeled distal pulmonary artery 
media from the hypertensive animals was composed of a heterogeneous 
population of SMC, we cultured cells from the distal arteries of hypoxic and 
normoxic calves (14). We observed that two phenotypically distinct cell 
populations could be isolated from the distal PA media of chronically hypoxic 
animals. The major cell population exhibited a spindle-like morphology and 
based on expression of several SM markers including metavinculin, retained a 
“well-differentiated” SMC phenotype similar to that of resident SMC from the 
normoxic media. Another consisted of very small rhomboidal-shaped cells that 
expressed a-SM actin, but did not express any of the other SM markers tested. 
These latter cells (obtained only from hypoxic calves) exhibited extremely high 
growth potential compared to the spindle-shaped “well-differentiated” SMC 
from either hypoxic or normoxic animals. In fact, we observed that the spindle- 
shaped SMC isolated from the hypertensive pulmonary media were significantly 
larger in size (based on flow cytometry measurements) and proliferated less in 
response to serum stimulation than did the SMC cultured from the media of 
normoxic calves. We tested the proliferative and migratory responses to hypoxia 
of the spindle-shaped “well differentiated” SMC, and the small rhomboidal cell. 
We found that the growth of “well-differentiated” SMC was inhibited by 
hypoxia both in the presence and absence of serum. In contrast, the rhomboidal 
cells proliferated in response to hypoxia under all conditions tested. Hypoxia 
also markedly stimulated migration of the rhomboidal cells (14). 

The enhanced proliferative response to hypoxia observed in pulmonary 
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cultures of rhomboidal cells is similar to that previously described in adventitial 
fibroblasts as well as nonmuscle-like cells from the proximal pulmonary 
circulation. To address the possibility that prolonged exposure to serum could 
induce dedifferentiation and enhance proliferation of the resident SMC 
population, we examined numerous SMC isolates from the normal distal 
pulmonary circulation that had been exposed to serum for long periods of time 
in culture. We did not observe, under any of the conditions tested, that a resident 
population of distal SMC could dedifferentiate into a phenotype that exhibited 
either the morphological characteristics or the increased proliferative responses 
to serum and/or hypoxia. Thus, circumstantial evidence supports the possibility 
that medial thickening in the distal circulation in response to chronic hypoxia is 
due to the migration of non-resident cells, potentially adventitial fibroblasts, into 
the medial compartment. The idea that adventitial fibroblasts contribute to 
hypoxia-induced medial thickening has been recently reviewed (30, 3 1). 

Furthermore, recent studies have suggested that stem-like cells, residing in 
postnatal tissue, exhibit the potential to differentiate into various lineages, 
including vascular cell phenotypes. Additionally, bone marrow (BM)-derived 
circulating progenitor cells have been implicated in the vascular remodeling 
process in a variety of systemic diseases (21,23,27). The precise cellular 
phenotype of these cells and the mechanisms by which they are mobilized from 
the BM to the site of injury, remain unclear. Flowever, in the porcine coronary 
circulation in response to balloon over-distention injury, precursor 
monocyte/macrophage cells have been described to accumulate in the adventitia 
that are thought to ultimately transdifferentiate into myofibroblast and perhaps 
even smooth muscle-like cells (35). 

These findings raise the possibility that BM-derived progenitor cells 
contribute to the remodeling process in pulmonary hypertension. Indeed, this 
concept has been recently tested in our laboratory in the chronically hypoxic 
neonatal calf model of pulmonary hypertension. In this model system the 
increase in vessel wall mass is associated with a significant increase in 
adventitial vasa vasorum, indicating a neovascularization process in response to 
chronic hypoxia. It is postulated that this vasa vasorum foims, at least in part, 
as a result of a postnatal vasculogenic process in addition to angiogenesis. This 
is based on our preliminary observations that demonstrate that there is a rapid 
appearance of cells expressing the c-kit receptor, the ligand for stem cell factor, 
in the adventitial compartment (7). The adventitia in these hypoxic animals is 
characterized by a marked increase in the expression of fibronectin, VEGF, and 
thrombin thus providing an environment not only conducive to attracting stem 
cells but also for facilitating their differentiation. It is now well established that 
BM-derived hematopoietic stem cells express c-kit and that these cells have the 
potential to differentiate into vascular phenotypes in vivo and in vitro (21). The 
appearance of c-kit expressing cells in the adventitia correlates with the their 
mobilization from the bone marrow into the circulation following hypoxic stress. 
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We hypothesize that the delivery route of circulating cells to the adventitia is via 
the newly formed vasa network that may be prone to fragility and permeability. 

These observations, when taken in the context of observations made in the 
systemic circulation, provide a convincing argument that hypoxia mobilizes 
progenitor cells from the BM and that the hypoxic microenvironment of the 
pulmonary artery adventitia, which is characterized by marked increases in 
fibronectin, VEGF, and thrombin deposition, facilitates a suitable micro- 
environment to which these cells home, anchor, and differentiate (7). In vitro 
studies in our laboratory suggest that BM-derived progenitor cells may indeed 
differentiate into endothelial- and/or smooth muscle-like cells (7). Thus, they 
could contribute to the neovascularization process as well as to the vascular 
thickening that occurs in response to chronic hypoxia. These ideas are currently 
being tested in detail in ours and other laboratories. 

8. Summary 

Compelling data now exists demonstrating that the media of large conduit 
pulmonary and systemic vessels is composed ofmultiple, phenotypically distinct, 
SMC populations. These SMC populations can be identified in vivo based on 
location, morphology and/or expression patterns of muscle-specific contractile 
and cytoskeletal proteins. Studies in several species also demonstrate that 
phenotypically distinct SMC populations can be isolated from large vessels of 
both the pulmonary and systemic circulations, and that they maintain in culture 
markedly different functional phenotypes. The fidelity of characteristics 
between cells in vivo and those in vitro, combined with the stability of the 
differences in these characteristics when cells are placed under similar growth 
conditions, provides a strong argument that these are genetically distinct cell 
populations. At the present time, the embryonic origin of these cells, the number 
of different cells at a given vascular site in a given species, and the forces 
directing the developmental assembly of these cell types into a functioning, 
mature blood vessel wall remain to be determined. It is. however, evident that 
these phenotypically distinct cell populations serve different functions in health 
and disease. Current data support the hypothesis that, at least in large vessels, 
specific cell populations contribute selectively to the vascular remodeling 
process because of their unique proliferative, migratory and secretory 
capabilities. The molecular mechanisms contributing to these properties are 
beginning to be defined. It appears likely that the markedly different responses 
to hypoxic exposure exhibited by different cells are mediated through distinct 
signaling pathways or molecules, which are specific to each cell phenotype. 

Since the distal pulmonary circulation subserves different functions than the 
proximal (i.e. is the primary site of hypoxic pulmonary vasoconstriction) an 
important question is whether the SMC heterogeneity observed in proximal 
arteries extends to the small resistance pulmonary vessels. Currently available 
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information, at least in the bovine species, suggests this may not be the case. 
Emerging experimental evidence proposes that the distal pulmonary artery 
media, at least in the bovine species, is comprised of a phenotypically uniform 
population of well-differentiated, growth-resistant SMC. This observation raises 
questions as to what cells in the distal arteries might carry out the multiplicity of 
functions subserved by the distinct SMC subpopulations in the large conduit 
vessels, especially in response to injury. Numerous possibilities exist including 
adventitial fibroblasts, resident adventitial stem-like cells, and the recruited 
circulating bone marrow-derived fibrocytes or progenitor cells. Each of these cell 
types is capable of assuming a SM-like phenotype and thus might contribute to 
the medial changes observed in the remodeling process. Understanding the 
medial thickening, which occurs in small vessels under hypoxic conditions, will, 
therefore, require study of the mechanisms through which non-muscle cells are 
recruited into a SM phenotype. The precise definition of what a SMC is, both 
phenotypically and functionally, will continue to evolve. 
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1. Introduction 

Postnatal survival is dependent upon the ability of the fetal cardio-pulmonary 
system to successfully respond to the sudden and harsh demands ofneonatal life. 
Challenges to the lung at birth include the need for rapid absorption of fetal lung 
liquid, establishment of an air-liquid interface, initiation of spontaneous 
breathing with rhythmic ventilation, and closure of “fetal vascular channels.” 
Perhaps the most dramatic event at birth involves the lung circulation, which 
must undergo a marked fall from its high resistance state in utero to a low 
resistance circuit within minutes after delivery. This postnatal fall inpulmonary 
vascular resistance (PVR) allows for the 8-fold increase in pulmonary blood flow 
that allows the lung to become an organ for gas exchange. Several mechanisms 
contribute to the normal fall in PVR at birth (3, 14, 17, 18, 29, 84). Birth-related 
stimuli, such as increased oxygen tension, ventilation and shear stress, cause 
vasodilation through changes in the production of vasoactive products, including 
increased release of potent vasodilators, including nitric oxide (NO) and 
prostacyclin (PGI 2 ), and decreased activity of endogenous vasoconstrictors, such 
as endothelin-1 (ET-1) (3, 14, 17, 18, 32, 84). Within minutes of delivery, high 
pulmonary blood flow abruptly increases shear stress and distends the 
vasculature, causing a “structural reorganization” of the vascular wall that 
includes flattening of the endothelium and thinning of smooth muscle cells and 
matrix (11). Thus, the ability to accommodate this marked rise in blood flow 
requires rapid functional and structural adaptations to ensure the normal 
postnatal fall in PVR. 

Some infants fail to achieve or sustain the normal decrease in PVR at birth, 
leading to severe respiratory distress and hypoxemia, which is referred to as 
persistent pulmonary hypertension of the newborn (PPHN). PPHN is a major 
clinical problem, contributing significantly to high morbidity and mortality in 
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both full-term and premature neonates (38, 44). Newborns with PPHN are at risk 
for severe asphyxia and its complications, including death, neurologic injury, and 
other problems. In this chapter, we briefly review the normal developmental 
physiology of the pulmonary circulation, mechanisms underlying the 
pathogenesis and pathophysiology of PPHN, and clinical strategies related to the 
evaluation and treatment of newborns with severe PPHN. 

2. Physiology of the Fetal Pulmonary Circulation 

Along with the rapid and dramatic progression of lung vascular growth and 
structure during development, the fetal pulmonary circulation also undergoes 
maturational changes in function. PVR is high throughout fetal life, especially 
in comparison with the low resistance of the systemic circulation. As a result, the 
fetal lung receives, 3-8% of combined ventricular output, with most of the right 
ventricular output crossing the ductus arteriosus (DA) to the aorta. Pulmonary 
arterial pressure and blood flow increase with advancing gestational age, along 
with increasing lung vascular growth (29). Despite this rise in vascular surface 
area, PVR increases with gestational age when corrected for lung or body 
weight, suggesting that vascular tone actually increases during late gestation and 
is high before birth. Studies of the human fetus support physiological data from 
fetal lambs (65). Based on multiple Doppler assessments of pulmonary artery 
velocity waveforms, fetal pulmonary artery impedance decreases slightly during 
the early third trimester, but does not decrease further during the latter stage of 
the third trimester despite ongoing vascular growth (65). 

Several mechanisms contribute to high basal PVR in the fetus, including low 
oxygen tension, relatively low basal production of vasodilator products (such as 
PGI 2 and NO), increased production of vasoconstrictors (including ET-1 or 
leukotrienes), and altered smooth muscle cell reactivity (such as enhanced 
myogenic tone). In addition to high PVR, the fetal pulmonary circulation is also 
characterized by progressive changes in responsiveness to vasoconstrictor and 
vasodilator stimuli (or vasoreactivity). In the ovine fetus, the pulmonary 
circulation is initially poorly responsive to vasoactive stimuli during the early 
canalicular period, and responsiveness to several stimuli increases during late 
gestation. For example, the pulmonary vasoconstrictor response to hypoxia, and 
the vasodilator response to increased fetal P0 2 and acetylcholine increase with 
gestation (52, 70). As observed in the sheep fetus, human studies also 
demonstrate maturational changes in the fetal pulmonary vascular response to 
increased Pa0 2 (65). Maternal hyperoxia does not increase pulmonary blood flow 
between 20-26 weeks gestation, but increased Pa0 2 caused pulmonary 
vasodilation in the 31-36 week fetus. These findings suggest that in addition to 
structural maturation and growth of the developing lung circulation, the vessel 
wall also undergoes functional maturation, leading to enhanced vasoreactivity 
during fetal life. 
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Mechanisms that contribute to progressive changes in pulmonary 
vasoreactivity during development are uncertain, but are likely due to 
maturational changes in endothelial cell function, especially with regal'd to NO 
production (1, 2, 4, 9). Lung endothelial NO synthase (eNOS, type III) mRNA 
and protein is present in the early fetus and increases with advancing gestation 
in utero and during the early postnatal period in rats and sheep (26, 56, 59). The 
timing ofthis increase in lung eNOS content immediately precedes and parallels 
changes in the capacity to respond to endothelium-dependent vasodilators, as 
assessed by in vivo and in vitro studies (4, 39). The timing of this increase in 
lung endothelial NOS content coincides with the capacity to respond to 
endothelium-dependent vasodilator stimuli, such as oxygen and acetylcholine. 
In contrast, fetal pulmonary arteries are already quite responsive to exogenous 
NO much earlier in gestation (4, 39). Overall, the ability of exogenous NO to 
dilate fetal pulmonary arteries is greater at less mature gestational ages than 
responsiveness to vasodilator stimuli that require the endothelium to release 
endogenous NO. These findings suggest that the ability of the endothelium to 
produce or sustain production of NO in response to specific stimuli during 
maturation lags the capacity of fetal pulmonary smooth muscle to relax to NO. 
This may account for clinical observations that extremely premature newborns 
are highly responsive to inhaled NO (7). 

Although most studies ofthe perinatal lung have focused on the role of eNOS 
in vasoregulation, the other NOS isolorms, including neuronal NOS (nNOS; type 
I) and inducible NOS (iNOS; type II), have been identified by immunostaining 
in the rat, sheep and human fetal lung (6, 62-64, 72, 8 1). Lung nNOS mRNA and 
protein increases in parallel with eNOS expression during development in the 
fetal rat. Inducible (type II) NOS has also been detected in the ovine fetal lung, 
and is predominantly expressed in airway epithelium and vascular smooth 
muscle, with little expression in vascular endothelium. Whether the “non- 
endothelial” (types I and II) isofoims contribute to the physiologic responses of 
NO-dependent modulation of fetal pulmonary vascular tone has been 
controversial. Treatment of pregnant rats with an iNOS-selective antagonist 
caused constriction of the great vessels (main pulmonary artery and thoracic 
aorta) and DA in fetal rats. Selective iNOS and nNOS antagonists increase fetal 
PVR and inhibit shear - stress vasodilation at doses that do not inhibit 
acetylcholine -induced pulmonary vasodilation (6, 62-64). These findings 
support the speculation that iNOS and nNOS may also modulate pulmonary 
vascular tone in utero and at birth (see below). 

NOS expression and activity are affected by multiple factors, including 
oxygen tension, hemodynamic forces, hormonal stimuli (e.g., estradiol), 
paracrine factors (including vascular endothelial growth factor), substrate and 
cofactor availability, superoxide production (which inactivates NO), and others 
(Fig. 1) (24, 47, 57, 58). Recent studies have shown that estradiol acutely 
releases NO and upregulates eNOS expression in fetal pulmonary artery 
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endothelial cells (47). However, in vivo findings on the effects of estradiol differ 
from these observations of isolated endothelial cells in vitro. Although estradiol 
does not cause acute fetal pulmonary vasodilation in vivo , prolonged estradiol 
treatment (24-72 hours) causes marked vasodilation, which is sustained despite 
cessation of estradiol infusion (57, 58). In contrast with estradiol, vascular 
endothelial growth factor (VEGF) acutely releases NO and causes pulmonary 
vasodilation in vivo. Chronic inhibition of VEGF receptors downregulates eNOS 
and induces pulmonary hypertension in the late gestation fetus (24). These 
findings illustrate that diverse hormonal and paracrine factors can regulate NOS 
expression and activity and affect lung vascular maturation during development. 



NQ-cGMP Pathway in the Perinatal Lung 
Hormones Hemodynamics 
Estradiol Shear/Stretch Stress 




Figure 1. Physiology of the NO regulation in the developing lung. 

In addition to transcriptional and translational regulation, multiple factors 
regulate NO production through alterations in NOS activity. NOS is a 
heterodimer with both reductase and oxygenase domains. When there is an 
abundance of availability of substrates such as L-arginine and the pteridine 
cofactor tetrahydrobiopterin, NADPH oxidation and NO synthesis remain 
coupled and NO production is favored. When concentrations of one or more 
factors are decreased, eNOS is uncoupled and generates superoxide. Under 
certain conditions, NOS may generate reactive oxygen species (superoxide and 
H 2 0 2 ) rather than NO. The balance of NO vs. superoxide production depends on 
numerous factors. Heat shock protein 90 (Hsp90), a chaperone molecule, has 
been recently described as a factor that associates with NOS, stabilizes biopterin 
binding, and thus facilitates NO release. Konduri et al. have shown that 
association of Hsp90 with NOS is required for NO production in response to 
ATP in pulmonary arteries isolated from late-gestation fetal lambs (42). 

Vascular responsiveness to endogenous or exogenous NO is also dependent 
upon several smooth muscle cell enzymes, including soluble guanylate cyclase 
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(sGC), cGMP-specific phosphodiesterase (PDE5), andcGMP kinase (16, 28, 79, 
81, 88). NO stimulates sGC by binding to the prosthetic heme of the enzyme, 
causing up to a 400-fold activation of the purified enzyme. Several studies have 
shown that sGC, which produces cGMP in response to NO activation, is active 
before 0.7 of term gestation in the ovine fetal lung. Similar to the pattern of 
expression for eNOS, sGC levels are high late in gestation, and are greater than 
those observed in the adult lung. 

Cyclic nucleotide phosphodiesterases (PDE) constitute the only known 
pathway for the hydrolysis of cGMP, and control the intensity and duration of 
its signal transduction. At least eleven families of PDE isoenzymes have been 
identified, and at least four PDE isoenzymes have been identified in human 
pulmonary arteries. PDE5, a cGMP-binding, cGMP-specific isoform is found in 
especially high concentrations in the lung, and is active in the fetus. In the fetal 
lung, PDE5 expression has been localized to vascular smooth muscle; and 
similar to NOS and sGC, PDE5 activity is high in fetal lung in comparison with 
the postnatal lung. Infusions of selective PDE5 antagonists, including zaprinast, 
dipyridamole, E4021 and DMPPO, cause potent and sustained fetal pulmonary 
vasodilation. Thus, PDE5 activity appears to play a critical role in pulmonary 
vasoregulation during the perinatal period, and must be accounted for in 
assessing responsiveness to endogenous NO and related vasodilator stimuli. 
While most studies have focused on PDE5, there are many PDE families and 
isoforms that vary in their specificity for binding or metabolizing cGMP, c AMP 
or both. PDE are likely important mediators of cross talk between cGMP and 
cAMP signaling pathways, and other PDE isoforms may be important in the 
response to NO. 

Functionally, the NO-cGMP cascade plays several important physiologic 
roles in vaso-regulation of the fetal pulmonary circulation. These include: a) 
modulation of basal PVR in the fetus (3); b) mediating the vasodilator response 
to specific physiologic and pharmacologic stimuli (3, 17); and c) opposing the 
strong myogenic tone in the normal fetal lung (77). Intrapulmonary infusions of 
NOS inhibitors increase basal PVR by 35% at least as early as 0.75 gestation 
(112 days; canalicularperiod) in the fetal lamb, suggesting that endogenous NOS 
activity appears to contribute to vasoregulation throughout late gestation. NOS 
inhibition also selectively blocks pulmonary vasodilation to such stimuli as 
acetylcholine, 0 2 , and shear stress in the normal fetus. Recent studies further 
suggest that NO release plays an additional role in modulating high intrinsic or 
myogenic tone in the fetal pulmonary circulation. The fetal lung circulation is 
characterized by its ability to oppose sustained pulmonary vasodilation during 
prolonged exposure to vasodilator stimuli. For example, increased Pa0 2 increases 
fetal pulmonary blood flow during the first hour of treatment; however, blood 
flow returns toward baseline values over time despite maintaining high Pa0 2 (9). 
Similar responses are observed during acute hemodynamic stress (shear stress) 
caused by partial compression of the DA (1) or with infusions of several 
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pharmacologic agents (2). These findings suggest that unique mechanisms exist 
in the fetal pulmonary circulation that oppose vasodilation and maintain high 
PVR in utero. 

We have speculated that this transient vasodilator response reflects the 
presence of an augmented myogenic response within the fetal pulmonary 
circulation. The myogenic response is commonly defined by the presence of 
increased vasoconstriction caused by acute elevation of intravascular pressure or 
“stretch stress.” Past in vitro studies demonstrated the presence of a myogenic 
response in sheep pulmonary arteries, and that fetal pulmonary arteries have 
greater myogenic activity than neonatal or adult arteries. More recent studies of 
intact fetal lambs have shown that high myogenic tone is normally operative in 
the fetus, and contributes to maintaining high PVR in utero (49, 77, 78), and that 
acute inhibition ofNO production unmasks a potent myogenic response. Further 
work suggests that downregulation of NO, as observed in experimental 
pulmonary hypertension, may further increase myogenic activity, increasing the 
risk for unopposed vasoconstriction in response to stretch stress at birth. 

Since eNOS protein is present at a stage of lung development when blood 
flow is absent or minimal, it has been hypothesized that NO may potentially 
contribute to angiogenesis during early lung development (26). There are 
conflicting data regarding the effects of eNOS activity in promoting new vessel 
formation in experimental models of angiogenesis. Although NO can inhibit 
endothelial cell mitogenesis and proliferation, NO has also been shown to 
mediate the angiogenic effects of substance P and vascular endothelial growth 
factor in vitro. Growing bovine aortic endothelial cells in culture express greater 
eNOS mRNA and protein than confluent cells, but NOS inhibition does not 
affect their rate of proliferation in vitro. Recent studies have shown that NOS 
inhibition blocks VEGF-induced tube formation by fetal pulmonary artery 
endothelial cells in vitro, suggesting that NO may modulate lung vascular 
development. In addition angiogenesis, NO also modulates vascular wall 
structure by decreasing smooth muscle cell proliferation in vitro. Several studies 
have examined the role ofNO in vascular growth and remodeling, but its effects 
vary between experimental settings, and the effects ofNO on lung growth and 
structure in vivo are still controversial. 

Although other vasodilator products, including PGI 2 , are released upon 
stimulation of the fetal lung (e.g., increased shear stress), basal prostaglandin 
release appears to play a less important role than NO in fetal pulmonary 
vasoregulation. Cyclooxygenase inhibition has minimal affect on basal PVR and 
does not increase myogenic tone in the fetal lamb, PGI 2 vasodilation is blocked 
after NOS inhibition in the fetal lamb. The physiologic roles of other dilators, 
including adrenomedullin, adenosine and endothelium-derived hyperpolarizing 
factor (EDFIF), are uncertain. EDFIF is a short-lived product of cytochrome P450 
activity that is produced by vascular endothelium, and has been found to cause 
vasodilation through activation ofCa 2 + -activatedK + channels in vascular smooth 
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muscle in vitro (18). K + -channel activation appears to modulate basal PVR and 
vasodilator responses to shear stress and increased oxygen tension in the fetal 
lung, and may be particularly important in relaxation responses in resistance 
vessels. Whether this is partly related to EDHF activity remains unknown. 

Carbon monoxide (CO) is another gaseous molecule that is produced by 
heme-oxygenase and has been shown to have several vascular effects, including 
vasodilation in the adult systemic and pulmonary vascular beds. CO may act in 
part through activation of sGC, increasing cGMP content in vascular smooth 
muscle, and causing vasodilation, as described for NO. Despite several studies 
that suggest an important role in vasoregulation in some models, CO has yet to 
be shown to play an important physiologic role in the perinatal lung. For 
example, inhaled CO treatment of the late gestation fetal lamb had no affect on 
PVR, and infusions of a heme-oxygenase inhibitor did not alter basal pulmonary 
vascular tone. Further studies are needed to clarify the physiologic importance 
of CO in the developing lung circulation. 

Vasoconstrictors have long been considered as potentially maintaining high 
PVR in utero. Several candidate products, such as thromboxane A 2 , leukotrienes 
C 4 and D 4 , platelet-activating factor and ET-1, have been extensively studied. 
Thromboxane A 2 , a potent pulmonary vasoconstrictor that has been implicated 
in animal models of Group B Streptococcal sepsis, does not appear to influence 
PVR in the normal fetus. In contrast, inhibition ofleukotriene production causes 
fetal pulmonary vasodilation, suggesting a potential role for lipoxygenase 
products in vasoregulation (73). 

ET-1, a potent vasoconstrictor and co-mitogen that is produced by vascular 
endothelium, has been demonstrated to play a key role in fetal pulmonary 
vasoregulation (31). PreproET-1 mRNA (the precursor to ET-1) was identified 
in fetal rat lung early in gestation, and high circulating ET-1 levels are present 
in umbilical cord blood. Although ET-1 causes an intense vasoconstrictor 
response in vitro, its effects in the intact pulmonary circulation are complex. 
Brief infusions of ET-1 cause transient vasodilation, but PVR progressively 
increases during prolonged treatment. The biphasic pulmonary vascular effects 
during pharmacologic infusions of ET - 1 are explained by the presence of at least 
two different ET receptors. The ET B receptor, localized to the endothelium in the 
sheep fetus, mediates the ET-1 vasodilator response by releasing NO. A second 
receptor, the ET A receptor, is located on vascular smooth muscle, and when 
activated, causes marked constriction. Although capable ofboth vasodilator and 
constrictor responses, ET-1 is more likely to play an important role as a 
pulmonary vasoconstrictor in the normal fetus (31). This is suggested in 
extensive fetal studies that have shown that inhibition of the ET A receptor 
decreases basal PVR and augments the vasodilator response to shear stress- 
induced pulmonary vasodilation. Thus, ET-1 is likely to modulate PVR through 
the ET a and ET B receptors, but its predominant role is as a vasoconstrictor 
through stimulation of the ET A receptor. 
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Several studies have shown that NO and ET-1 regulate each other through 
autocrine feedback loops. Endothelium-derived nitric oxide decreases endothelin 
production via a cGMP-dependent mechanism in cultured endothelial cells. 
Other studies have suggested that inhalation of NO increases levels of plasma 
ET-1 in young lambs, and that ET-1 in turn reduces NOS activity through 
activation of ET A receptors (48, 87). Activation of ET A receptors has been shown 
to increase superoxide production in vascular smooth muscle cells, which may 
provide a mechanism for the effects of ET-1 on NOS activity. These complex 
relationships are controversial and need further study. 

3. Mechanisms of Pulmonary Vasodilation at Birth 

Within minutes after delivery, pulmonary arterial pressure falls and blood 
flow increases in response to birth- related stimuli. Mechanisms contributing to 
the fall in PVR at birth include establishment of an air-liquid interface, rhythmic 
lung distension, increased 0 2 tension, and altered production of vasoactive 
substances. Physical stimuli, such as increased shear stress, ventilation and 
increased 0 2 , cause pulmonary vasodilation in part by increasing production of 
vaosodilators (e.g., NO and PGI 2 ). Pretreatment with the arginine analogue, 
nitro-L-arginine, blocks NOS activity and attenuates the decline in PVR after 
delivery of near term fetal lambs. These findings suggested that -50% of the rise 
in pulmonary blood flow at birth may be directly related to the acute release of 
NO. Specific mechanisms that cause NO release at birth include the marked rise 
in shear stress, increased 0 2 , and ventilation. Increased Pa0 2 triggers NO release, 
which augments vasodilation through cGMP/PKG-mediated K + channel 
activation (66). Although the endothelial isoform of NOS (type III) has been 
presumed to be the major contributor ofNO at birth, recent studies suggest that 
other isoforms (inducible (type II) and neuronal (type I)) may be important 
sources of NO release in utero and at birth as well. Although early studies were 
performed in term animals, NO also contributes to the rapid decrease in PVR at 
birth in premature lambs, at least as early as 112-115 days (0.7 term). 

Other vasodilator products, including PGI 2 , also modulate changes in 
pulmonary vascular tone at birth. Rhythmic lung distension and shear stress 
stimulate both PGI 2 and NO production in the late gestation fetus, but increased 
0 2 tension triggers NO activity and overcomes the effects of prostaglandin 
inhibition at birth. In addition, the vasodilator effects of exogenous PGI 2 are 
blocked by NOS inhibitors, suggesting that NO modulates PGI 2 activity in the 
perinatal lung. Adenosine release may also contribute to the fall in PVR at birth, 
but its actions may be partly through enhanced production of NO. Thus, although 
NO does not account for the entire fall in PVR at birth, NOS activity appears 
important in achieving postnatal adaptation of the lung circulation. Transgenic 
eNOS knock-out mice successfully make the transition at birth without evidence 
of PPHN (20). This finding suggests that eNOS‘ A mice may have adaptive 
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mechanisms, such as a compensatory vasodilator mechanisms (e.g., upregulation 
of other NOS isoforms or dilator prostaglandins) or less constrictor tone. 
Interestingly, these animals are more sensitive to the development of pulmonary 
hypertension at relatively mild decreases in Pa0 2 and have higher neonatal 
mortality when exposed to hypoxia after birth (unpublished observations). We 
speculate that isolated eNOS deficiency alone may not be sufficient for the 
failure of postnatal adaptation, but that decreased ability to produce NO in the 
setting of a perinatal stress (e.g., hypoxia, inflammation, hypertension, or 
upregulation of vasoconstrictors) may cause PPHN. 

4. Pathogenesis of PPHN 

Several experimental models have been studied to explore the pathogenesis 
and pathophysiology of PPHN (21, 54). Such models have included exposure to 
acute or chronic hypoxia after birth, chronic hypoxia in utero, placement of 
meconium into the airways ofneonatal animals, sepsis and others. Although each 
model demonstrates interesting physiologic changes that may be especially 
relevant to particular' clinical settings, most studies examine only brief changes 
in the pulmonary circulation, and mechanisms underlying altered lung vascular 
structure and function ofPPHN remain poorly understood. Clinical observations 
that neonates with severe PPHN who die during the first days after birth already 
have pathologic signs of chronic pulmonary vascular disease suggest that 
intrauterine events may play an important role in this syndrome. Adverse 
intrauterine stimuli during late gestation, such as abnormal hemodynamics, 
changes in substrate or hormone delivery to the lung, hypoxia, inflammation or 
others, may potentially alter lung vascular function and structure, contributing 
to abnormalities of postnatal adaptation. Several investigators have examined the 
effects of chronic intrauterine stresses, such as hypoxia or hypertension, in 
animal models in order to attempt to mimic the clinical problem of PPHN. 
Whether chronic hypoxia alone can cause PPHN is controversial. A past report 
that maternal hypoxia in rats increases pulmonary vascular smooth muscle 
thickening in newborns, but this observation has not been reproduced in maternal 
rats or guinea pigs with more extensive studies (54). 

Pulmonary hypertension induced by early closure of the DA in fetal lambs 
alters lung vascular reactivity and structure, causing the failure of postnatal 
adaptation at delivery, and providing an experimental model of PPHN (8, 45, 
51). Over days, pulmonary artery pressure and PVR progressively increase, but 
flow remains low and Pa0 2 is unchanged (8). Marked right ventricular 
hypertrophy and structural remodeling of small pulmonary arteries develops after 
8 days of hypertension. After delivery, these lambs have persistent elevation of 
PVR despite mechanical ventilation with high 0 2 concentrations. Studies with 
this model show that chronic hypertension without high flow can alter fetal lung 
vascular structure and function. This model is characterized further by 
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endothelial cell dysfunction and altered smooth muscle cell reactivity and 
growth, including findings of impaired NO production and activity due to 
downregulation of lung endothelial NOS mRNA and protein expression (69). 
Fetal pulmonary hypertension also impaired cGC and upregulated cGMP specific 
phosphodiesterase (type 5; PDE5) activities, suggesting further impairments in 
the NO-cGMP cascade (Fig. 2) (27, 50, 75, 78, 85). Thus, alterations in the NO- 
cGMP cascade appeal' to play an essential role in the pathogenesis and 
pathophysiology of experimental PPHN. Abnormalities of NO production and 
responsiveness contribute to altered structure and function of the developing lung 
circulation, leading to failure of postnatal cardiorespiratory adaptation. Recent 
evidence indicates that excessive production of reactive oxygen species such as 
superoxide in thepulmonary vasculature may further contribute to the disruption 
in NO-cGMP signaling in this model (13). 



Birth-related Stimuli 
(Op Ventilation, Shear Stress) 




Figure 2. Physiologic mechanisms that contribute to the pathophysiology of PPHN. 



Upregulation ofET-1 may also contribute to the pathophysiology ofPPHN. 
Circulating levels ofET-1, a potent vasoconstrictor and co-mitogen for vascular 
smooth muscle cell hyperplasia, are increased in human newborns with severe 
PPHN (69). In the experimental model ofPPHN due to compression of the DA 
in fetal sheep, lung ET-1 mRNA and protein content is markedly increased, and 
the balance of ET receptors are altered, favoring vasoconstriction (33, 34). 
Chronic inhibition of the ET A receptor attenuates the severity of pulmonary 
hypertension, decreases pulmonary artery wall thickening, and improves the fall 
in PVR at birth in this model. Thus, experimental studies have shown the 
important role of the NO-cGMP cascade and the ET- 1 system in the regulation 
of vascular tone and reactivity of the fetal and transitional pulmonary circulation. 
Finally, in addition to vasoactive mediators, such as NO and ET-1, it has become 
cleai' that alterations of growth factors, such as VEGF and platelet-derived 
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growth factor (PDGF), are likely to play key roles in the modulation of vascular 
maturation, growth and structure. For example, inhibition ofPDGF-B attenuates 
smooth muscle hyperplasia in experimental pulmonary hypertension in fetal 
lambs, suggesting a potential role in the pathogenesis of PPHN (12). 



A B 




Figure 3. Chest x-ray findings illustrating typical findings of idiopathic PPHN (A) and histology 
of fatal PPHN illustrating severe structural changes in severe PPHN (B). 



5. Clinical Aspects of PPHN 

The first reports of PPHN described teim newborns with profound 
hypoxemia who lacked radiographic evidence of parenchymal lung disease and 
echocardiographic evidence of structural cardiac disease (Fig. 3A). In these 
patients, hypoxemia was caused by marked elevations of PVR leading to right- 
to-left extrapulmonary shunting of blood across the patent DA (PDA) or foramen 
ovale (FO) during the early postnatal period. Due to the persistence of high PVR 
and blood flow through these fetal shunts, the teim “persistent fetal circulation” 
was originally used to describe this group of patients. Consequently, it was 
recognized that this physiological pattern can complicate the clinical course of 
neonates with diverse causes of hypoxemic respiratory failure. As a result, the 
term PPHN has been considered as a syndrome, and is currently applied more 
broadly to include neonates that have a similar physiology in association with 
different cardiopulmonary disorders, such as meconium aspiration, sepsis, 
pneumonia, asphyxia, congenital diaphragmatic hernia, respiratory distress 
syndrome (RDS). Striking differences exist between these conditions, and 
mechanisms that contribute to high PVR can vary between these diseases. 
However, these disorders are included in the syndrome of PPHN due to common 
pathophysiological features, including sustained elevation of PVR leading to 
hypoxemia due to right-to-left extrapulmonary shunting of blood flow. In many 
clinical settings, hypoxemic respiratory failure in term newborns is often 
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presumed to be associated with PPHN-type physiology; however, hypoxemic 
term newborns can lackechocardiographic findings ofextra-pulmonary shunting 
across the PDA or PFO. Thus, PPHN should be reserved to neonates in whom 
extrapulmonary shunting contributes to hypoxemia and impaired cardio- 
pulmonary function. Recent estimates suggest an incidence for PPHN of 
1.9/1000 live births, or an estimated 7400 cases/year (86). 

PPHN-associated diseases are often classified within one of 3 categories: i) 
maladaptation: vessels are presumably of normal structural but have abnormal 
vasoreactivity; ii ) excessive muscularization: increased smooth muscle thickness 
and increased distal extension of muscle to vessels which are usually non- 
muscular; and Hi) underdevelopment: lung hypoplasia associated with decreased 
pulmonary artery number. This designation is, imprecise, however, and high 
PVR in most patients likely involve overlapping changes among these categories. 
For example, neonates with congenital diaphragmatic hernia are primarily 
classified as having vascular “underdevelopment” due to lung hypoplasia, yet 
lung histology of fatal cases typically shows marked muscularization of 
pulmonary arteries and, clinically, these patients respond to vasodilator therapy. 
Similarly, neonates with meconium aspiration often have clinical evidence of 
altered vasoreactivity, but often have muscularization at autopsy. 

As described above, autopsy studies of fatal PPHN demonstrate severe 
hypertensive structural remodeling even in newborns who die shortly after birth, 
suggesting that many cases of severe disease are associated with chronic 
intrauterine stress (Fig. 3B). However, the exact intrauterine events that alter 
pulmonary vascular reactivity and structure are poorly understood. 
Epidemiologic studies have demonstrated strong associations between PPHN and 
maternal smoking and ingestion of cold remedies that include aspirin or other 
non-steroidal anti-inflammatory products (83). Since these agents can induce 
partial constriction of the DA ), it is possible that pulmonary hypertension due 
to DA narrowing contributes to PPHN (see below). Other perinatal stresses, 
including placenta previa and abruption, and asymmetric growth restriction, are 
associated with PPHN; however, most neonates who are exposed to these 
prenatal stresses do not develop PPHN. Circulating levels of L-arginine, the 
substrate for NO, are decreased in some newborns with PPHN, suggesting that 
impaired NO production may contribute to the pathophysiology of PPHN, as 
observed in experimental studies. It is possible that genetic factors increase 
susceptibility for pulmonary hypertension. A recent study reported strong links 
between PPHN and polymorphisms of the carbamoyl phosphate synthase gene 
(61). However, the importance of this finding is uncertain, and further work is 
needed in this area. Studies of adults with idiopathic primary pulmonary 
hypertension have identified abnormalities of bone morphogenetic protein 
receptor genes; whether polymorphisms of genes for the BMP or TGF-B 
receptors, other critical growth factors, vasoactive substances or other products 
increase the risk for some newborns to develop PPHN is unknown. 
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6. Clinical Presentation and Evaluation 

Clinically, PPHN is most often recognized in term or near term neonates, but 
clearly can occur in premature neonates as well (Table 1). PPHN is often 
associated with perinatal distress (e.g., asphyxia, low APGAR scores, meconium 
staining); however, idiopathic PPHN can lack signs of acute perinatal distress. 
PPHN often presents as respiratory distress and cyanosis wi t hin 6-12 hrs of birth. 
Laboratory findings include low glucose, hypocalcemia, hypothermia, 
polycythemia or thrombocytopenia. Radiographic findings are variable, 
depending upon the primary disease asociated with PPHN. Classically, the chest 
x-ray in idiopathic PPHN is oligemic, may appear slightly hyperinflated, and 
lacks parenchymal infiltrates. In general, the degree of hypoxemia is often 
disproportionate to the severity of radiographic evidence of lung disease. 

Table J. Disorders Associated with Neonatal Pulmonary Hypertension 

1. Pulmonary Disorders: 

Meconium Aspiration Syndrome 

Respiratory Distress Syndrome (* term and preterm newborns) 

Lung Hypoplasia- Primary 
Congenital Diaphragmatic Hernia 
Pneumonia/Sepsis 
Idiopathic 

Transient tachypnea of the newborn 

Alveolar-Capillary Dysplasia 

Associated abnormalities in lung development: 

- congenital lobar emphysema (rare association) 

- cystic adenomatoid malformation (rare association) 

- idiopathic, with impaired distal alveolarization 

- others. 

2. Cardiovascular Disorders 

Myocardial dysfunction (asphyxia; infection; stress) 

Structural cardiac diseases; 

- mitral stenosis, cor triatriatum 

- endocardial fibroelastosis 

- Pompe’s disease 

- aortic atresia, coarctation of the aorta, interrupted aortic arch 

- transposition of the great vessels 

- Ebstein’s anomaly, tricuspid atresia 
Hepatic arteriovenous malformations (AVMs) 

Cerebral AVMs 

Total anomalous pulmonary venous return 
Pulmonary vein stenosis (isolated) 

Pulmonary atresia 

3. Associations with Other Diseases 

Neuromuscular disease 
Metabolic disease 
Polycythemia 
Thrombocytopenia 
Maternal drug use or smoking 
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Not all term newborns with hypoxemic respiratory failure have PPHN-type 
physiology (5). Hypoxemia in the newborn can be due to several mechanisms, 
including: extrapulmonary shunt, in which high pulmonary artery pressure at 
systemic levels leads to right-to-left shunting of blood flow across the PDA or 
PFO; and intrapulmonary shunt or ventilation-perfusion mismatch, in which 
hypoxemia results from the lack of mixing of blood with aerated lung regions 
due to parenchymal lung disease, without the shunting of blood flow across the 
PDA and PFO. In the latter setting, hypoxemia is related to the amount of 
pulmonary arterial blood that perfuses non-aerated lung regions. Although PVR 
is often elevated in hypoxemic newborns without PPHN, high PVR does not 
contribute significantly to hypoxemia in these cases. 

Several factors can contribute to high pulmonary artery pressure in neonates 
with PPHN-type physiology. Pulmonary hypertension can be due to 
vasoconstriction or structural lesions that directly increase PVR. Changes in lung 
volume in neonates with parenchymal lung disease can also be an important 
determinant of PVR. PVR increases at low lung volumes due to dense 
parenchymal infiltrate and poor lung recruitment, or with high lung volumes due 
to hyperinflation associated with overdistension or gas-trapping. Cardiac disease 
is also associated with PPHN. High pulmonary venous pressure due to left 
ventricular dysfunction can also elevate PAP (e.g., asphyxia, sepsis), causing 
right-to-left shunting, with little vasoconstriction. In this setting, enhancing 
cardiac performance and systemic hemodynamics may lower PAP more 
effectively than achieving pulmonary vasodilation. Thus, understanding the 
cardiopulmonary interactions are key to improving outcome in PPHN. 

PPHN is characterized by hypoxemia that is poorly responsive to 
supplemental 0 2 . In the presence of right-to-left shunting across the PDA, 
“differential cyanosis” is often present, which is difficult to detect by physical 
exam, and is defined by a difference in Pa0 2 between right radial artery versus 
descending aorta values £ 10 torr, or an 0 2 saturation gradient >5%. However, 
post-ductal desaturation can be found in ductus-dependent cardiac diseases, 
including hypoplastic left heart syndrome, coarctation ofthe aorta or interrupted 
aortic arch. The response to supplemental 0 2 can help to distinguish PPHN from 
primary lung or cardiac disease. Although supplemental oxygen traditionally 
increases Pa0 2 more readily in lung disease than cyanotic heart disease or PPHN, 
this may not be obvious with more advanced parenchymal lung disease. Marked 
improvement in Sa0 2 (increase to 100%) with supplemental oxygen suggests the 
presence of V/Q mismatch due to lung disease or highly reactive PPHN. Most 
patients with PPHN have at least a transient improvement in oxygenation in 
response to interventions such as high inspired oxygen and/or mechanical 
ventilation. Acute respiratory alkalosis induced by hyperventilation to achieve 
PaC0 2 <30 torr and a pH >7.50 may increase Pa0 2 >50 torr in PPHN, but rarely 
in cyanotic heart disease. 

The echocardiogram plays an essential diagnostic role and is an essential tool 
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for managing newborns with PPHN. The initial echocardiographic evaluation is 
important to mle-out structural heart disease causing hypoxemia (e.g., 
coarctation ofthe aorta and total anomalous pulmonary venous return). As stated 
above, not all teim newborns with hypoxemia have PPHN physiology. Although 
high pulmonary artery pressure may be common, the diagnosis of PPHN is 
uncertain without evidence ofbidirectional or predominantly right-to-left shunt 
ing across the PFO or PDA. Echocardiographic signs suggestive of pulmonary 
hypertension (e.g., increased right ventricular systolic time intervals and septal 
flattening) are less helpful. In addition to demonstrating the presence of PPHN 
physiology, the echocardiogram is critical for the evaluation of left ventricular 
function and diagnosis of anatomic heart disease, including such “PPHN 
mimics” as coarctation of the aorta; total anomalous pulmonary venous return; 
hypoplastic left heart syndrome; and others. Studies should carefully assess the 
predominant direction of shunting at the PFO as well as the PDA. Although 
right-to-left shunting at the PDA and PFO is typical for PPHN, predominant 
right-to-left shunting at the PDA but left-to-right shunt at the PFO may help to 
identify the important role of left ventricular dysfunction to the underlying 
pathophysiology. In the presence of severe left ventricular dysfunction with 
pulmonary hypertension, pulmonary vasodilation alone may be ineffective in 
improving oxygenation. In this setting, efforts to reduce PVR should be 
accompanied by targeted therapies to increase cardiac performance and decrease 
left ventricular afterload. Thus, careful echocardiographic assessment provides 
invaluable information about the underlying pathophysiology and will help guide 
the course of treatment. 

7. Treatment of PPHN 

In general, management of the newborn with PPHN includes the treatment 
and avoidance of hypothermia, hypoglycemia, hypocalcemia, anemia and 
hypovolemia; correction of metabolic acidosis; diagnostic studies for sepsis; 
serial monitoring of arterial blood pressure, pulse oximetery (pre- and post- 
ductal); and transcutaneous PC0 2 , especially with the initiation of high frequency 
oscillatory ventilation (HFOV). Therapy includes aggressive management of 
systemic hemodynamics with volume and cardiotonic therapy (dobutamine, 
dopamine, and milrinone), in order to enhance cardiac output and systemic 0 2 
transport. In addition, increasing systemic arterial pressure can improve 
oxygenation in some cases by reducing right-to-left extrapulmonary shunting. 
Failure to respond to medical management, as evidenced by failure to sustain 
improvement in oxygenation with good hemodynamic function, often leads to 
treatment with extracorporeal membrane oxygenation (ECMO) (82). Although 
ECMO can be a life-saving therapy, it is costly, labor intensive, and can have 
severe side effects, such as intracranial hemorrhage. Since arterio-venous ECMO 
usually involves ligation of the carotid artery, acute and long-term CNS injury 
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remain major concerns. 

The goal of mechanical ventilation is to improve oxygenation and to achieve 
“optimal” lung volume to minimize the adverse effects of high or low lung 
volumes on PVR, while minimizing the risk for lung injury (“volutrauma”). 
Mechanical ventilation using inappropriate settings can produce acute lung 
injury (ventilator-induced lung injury; VILI), causing pulmonary edema, 
decreased lung compliance and promoting lung inflammation due to increased 
cytokine production and lung neutrophil accumulation. The development ofVILl 
is an important determinant of clinical course and eventual outcome ofnewborns 
with hypoxemic respiratory failure, and postnatal lung injury worsens the degree 
of pulmonary hypertension (60). Failure to achieve adequate lung volumes 
(functional residual capacity) contributes to hypoxemia and high PVR in 
newborns with PPHN. Some newborns with parenchymal lung disease with 
PPHN physiology improve oxygenation and decrease right-to-left extra- 
pulmonary shunting with aggressive lung recruitment during high frequency 
oscillatory ventilation (37) or with an “open lung approach” of higher positive 
end-expiratory pressure with low tidal volumes, as more commonly utilized in 
older patients with ARDS (10). 

Marked controversy and variability exists between centers regarding the use 
of hyperventilation to achieve alkalosis in order to improve oxygenation. Past 
studies have clearly shown that acute hyperventilation can improve Pa0 2 in 
neonates with PPHN, providing a diagnostic test and therapeutic strategy. 
However, there are many issues with the use of hypocarbic alkalosis for 
prolonged therapy. Depending on the ventilator strategy and underlying lung 
disease, hyperventilation is likely to increase V1L1, and the ability to sustain 
decreased PVR during prolonged hyperventilation is unproven. Studies suggest 
that the response to alkalosis is transient, and that alkalosis may paradoxically 
worsen pulmonary vascular tone, reactivity and permeability edema (23, 43). In 
addition, prolonged hyperventilation reduces cerebral blood flow and 0 2 delivery 
to the brain, potentially worsening neurodevelopmental outcome. 

Additional therapies, including infusions of sodium bicarbonate, surfactant 
therapy and the use of intravenous vasodilator therapy, are also highly variable 
between centers. Although surfactant may improve oxygenation in some lung 
diseases, such as meconium aspiration and RDS, a multicenter trial failed to 
show a reduction in ECMO utilization in newborns with PPHN (46). The use of 
intravenous vasodilator drug therapy, with such agents as tolazoline, magnesium 
sulfate, pgi 2 and sodium nitroprusside, is also controversial due to the non- 
selective effects of these agents on the systemic circulation. Systemic 
hypotension worsens right-to-left shunting, may impair 0 2 delivery and worsen 
gas exchange in patients with parenchymal lung disease. In addition, the initial 
response to such agents as tolazoline are often transient, and can have severe 
adverse effects (e.g., gastrointestinal hemorrhage). Endotracheal administration 
of vasodilators, including tolazoline and sodium nitroprusside, may cause 
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selective pulmonary vasodilation and minimize systemic hypotension. However, 
these data are largely limited to animal studies, and evidence is currently lacking 
that supports the safety and efficacy of this approach in humans. 





Figure 4. A: Physiologic effects of Inhaled NO in the perinatal lamb. As shown in the upper 
panel, inhaled NO decreases pulmonary artery pressure (PAP) but not aortic pressure (AoP), and 
increases pulmonary blood flow (lower panel) during mechanical ventilation with hypoxic gas. 
B: Low doses of inhaled NO increases oxygenation (as assessed by the arterial to alveolar ratio 
(a/A 0 2 )) in human newborns with severe PPHN who met ECMO criteria. Improvement in 
oxygenation was sustained with continuous treatment of inhaled NO, obviating the need for 
ECMO in these patients (Modified from Refs. 39, 40). 

Inhaled nitric oxide (iNO) therapy at low doses (5-20 ppm) improves 
oxygenation and decreases the need for ECMO therapy in patients with diverse 
causes ofPPHN (Fig. 4A) (15, 19, 40, 41, 55, 67, 68). Multicenter clinical trials 
support the use of iNO in near-term (>34 weeks gestation) and term newborns, 
and the use of iNO in infants <34 weeks gestation remains investigational. 
Studies support the use of iNO in infants who have hypoxemic respiratory failure 
with evidence of PPHN, who require mechanical ventilation and high inspired 
oxygen concentrations. The most common criterion employed has been the 
oxygenation index (01; mean airway pressure times Fi0 2 times 100 divided by 
Pa0 2 . Although clinical trials commonly allowed for enrollment with OI levels 
>25, the mean OI at study entry in multicenter trials was ~40. It is unclear 
whether infants with less severe hypoxemia would benefit from iNO therapy. 

The first studies of iNO treatment in term newborns reported initial doses that 
ranged from 80 ppm to 6-20 ppm (40, 68). In the latter report, rapid 
improvement in Pa0 2 was achieved at low doses (20 ppm) for 4 hours, and this 
response was sustained with prolonged therapy at 6 ppm (Fig. 4B) (40). 
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Subsequent multicenter studies confirmed the efficacy of this dosing strategy, 
and showed that increasing the dose in non-responders did not improve outcomes 
(Table 2). The available evidence, therefore, supports the use of doses of iNO 
beginning at 20 ppm in term newborns with PPHN, since this strategy decreased 
ECMO utilization without an increased incidence of adverse effects. Although 
brief exposures to higher doses (40-80 ppm) appear to be safe, sustained 
treatment with 80 ppm NO increases the risk of methemoglobinemia. In our 
practice, we discontinue iNO if the Fi0 2 is <0.60 and the Pa0 2 is >60 without 
evidence of rebound pulmonary hypertension or a rise in Fi0 2 > 15% after iNO 
withdrawal. Prolonged need for iNO therapy without resolution ofdisease should 
lead to a more extensive evaluation to determine whether previously unsuspected 
anatomic lung or cardiovascular disease is present (e.g., pulmonary venous 
stenosis, alveolar capillary dysplasia, severe lung hypoplasia, or others) (22). 



Table 2. Summary of Multicenter Randomized Trials of Inhaled NO in Term Newborns with 
Hypoxemia and PPHN, Showing Reduction of ECMO Utilization 





Control 


iNO Therapy 


P-value 


ECMO Therapy 


NINOS 


54% 


39% 


<0.006 


CINRGI 


64% 


39% 


<0.001 


INOSG* 


71% 


40% 


<0.02 


Death 


NINOS 


16% 


14% 


NS 


CINRGI 


11% 


8% 


NS 


INOSG* 


7% 


7% 


NS 



* Retrospective analysis. Data are from the NINOS (ref. 55), CINRGI (ref. 1 5), and INOSG (ref.. 
67) trials. 



In newborns with severe lung disease, HFOV is frequently used to optimize 
lung inflation and minimize lung injury. In clinical pilot studies using iNO, the 
combination of HFOV and iNO caused the greatest improvement in oxygenation 
in some newborns who had severe PPHN complicated by diffuse parencyhmal 
lung disease and underinflation (e.g. RDS, pneumonia). A randomized, 
multicenter trial demonstrated that treatment with HFOV+iNO was often 
successful in patients who failed to respond to HFOV or iNO alone in severe 
PPHN, and differences in responses were related to the specific disease 
associated with the complex disorders of PPHN (41). For patients with PPHN 
complicated by severe lung disease, response rates for HFOV+iNO were better 
than HFOV alone or iNO with conventional ventilation. In contrast, for patients 
without significant parenchymal lung disease, both iNO and HFOV+iNO were 
more effective than HFOV alone. This response to combined treatment with 
HFOV+iNO likely reflects both improvement in intrapulmonary shunting in 
patients with severe lung disease and PPHN (using a strategy designed to recruit 
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and sustain lung volume, rather than to hyperventilate) and augmented NO 
delivery to its site of action. Although iNO may be an effective treatment for 
PPHN, it should be considered only as part of an overall clinical strategy that 
cautiously manages parenchymal lung disease, cardiac performance, and 
systemic hemodynamics. 

Although clinical improvement during inhaled NO therapy occurs with many 
disorders associated with PPHN, not all neonates with acute hypoxemic 
respiratory failure and pulmonary hypertension respond to iNO. Several 
mechanisms may explain the clinical variability in responsiveness to iNO 
therapy. An inability to deliver NO to the pulmonary circulation due to poor lung 
inflation is the major cause of poor responsiveness. In some settings, 
administration ofNO with high frequency oscillatory ventilation has improved 
oxygenation more effectively than during conventional ventilation in the same 
patient. In addition, poor NO responsiveness may be related to myocardial 
dysfunction or systemic hypotension, severe pulmonary vascular structural 
disease, and unsuspected or missed anatomic cardiovascular lesions (e.g., total 
anomalous pulmonary venous return, coarctation of the aorta, alveolar capillary 
dysplasia, and others). 

Another mechanism of poor responsiveness to inhaled NO may be altered 
smooth muscle cell responsiveness, and there are emerging therapies that take 
advantage of our increased understanding of the cellular effects of iNO. 
Inhibition of cGMP-metabolizing phosphodiesterase (PDE5) activity may 
increase efficacy of iNO by increasing cGMP concentrations. Recently approved 
by the FDA for the treatment of male erectile dysfunction, sildenafil is a potent 
and highly specific PDE5 inhibitor. Intravenous sildenafil was found to be a 
selective pulmonary vasodilator with efficacy equivalent to inhaled nitric oxide 
in a piglet model of meconium aspiration (71). 

New studies indicate that scavengers of reactive oxygen species such as N- 
acetylcysteine or superoxide dismutase (SOD) can augment responsiveness to 
iNO. A single dose of recombinant human SOD significantly enhanced the 
response to iNO in the ductal ligation lamb model of PPHN (74). Besides 
administering iNO as an inhalational agent, Moya et al. have recently suggested 
that treatment with a unique gas, O-nitrosoethanol (ethyl nitrite, ENO), may 
increase the endogenous pool of S-nitrosothiols in the airway and circulation, 
thereby providing a new treatment strategy for PPHN (53). In a brief report, 
ENO briefly improved post-ductal arterial saturation for 4 hours in 7 neonates. 
However, only a few patients improved oxygenation and the response was small, 
was associated with a rapid rise in methemoglobinemia, and may have had 
systemic effects. Another potential approach to augment pulmonary vasodilation 
may be to combine treatment with PGI 2 . Whereas intravenous PGI 2 can decrease 
systemic arterial pressure, inhaled PGI 2 improved oxygenation in 4 infants with 
PPHN who did not respond or sustain their response to iNO without worsening 
systemic hemodynamics (35). Whether these strategies will be more effective or 
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will improve responsiveness in neonates who fail to respond to iNO therapy is 
unknown. 

Finally, although newer therapies, including HFOV and inhaled NO, have led 
to a dramatic reduction in the need for ECMO therapy (30, 36), ECMO remains 
an effective rescue agent for severe PPHN. Current patterns of ECMO use 
demonstrate persistent use in neonates with congenital diaphragmatic hernia and 
patients with severe hemodynamic instability, with less need for ECMO in 
meconium aspiration, RDS, idiopathic PPHN and other disorders. 

8. Conclusions 

PPHN is a clinical syndrome that is associated with diverse cardio-pulmonary 
diseases, with pathophysiologic mechanisms including pulmonary vascular, 
cardiac and lung disease. Experimental work on basic mechanisms of vascular 
regulation of the developing lung circulation and models ofperinatal pulmonary 
hypertension has improved our therapeutic approaches to neonates with PPHN. 
Inhaled NO has been shown to be an effective pulmonary vasodilator for infants 
with PPHN, but successful clinical strategies require meticulous care of 
associated lung and cardiac disease. More work is needed to expand our 
therapeutic repertoire in order to further improve the outcome of the sick 
newborn with severe hypoxemia, especially in patients with lung hypoplasia and 
advanced structural vascular disease. 
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1. Introduction 

Pulmonary hypertension (PH) is characterized by an increase in pulmonary 
vascular - resistance that impedes the ejection of blood by the right ventricle, 
ultimately leading to right ventricular failure. The most common cause of PH is 
alveolar - hypoxia-related, for instance, to high altitude or chronic hypoxemic lung 
disease. Acute exposure of various mammals to hypoxia results within a few 
minutes in pulmonary vasoconstriction related to contraction of the smooth 
muscle cells (SMCs) in the distal pulmonary arteries. With chronic exposure, PH 
is due not only to SMC contraction and polycythemia but also to structural 
remodeling of the pulmonary arteries (25). Thus, preexisting SMCs in normally 
muscularized pulmonary arteries undergo hypertrophy and hyperplasia, while 
new SMCs appear in intraacinar arteries that are normally nonmuscularized or 
muscularized only along part of their circumference. Another component of 
hypoxia-induced pulmonary artery remodeling is extracellular matrix deposition 
in the vessel wall, with a build-up of connective tissue proteins such as elastin 
and collagen,. Reversibility is a remarkable feature of chronic hypoxic PH. 
Although correcting alveolar hypoxia may have little or no effect on PH in the 
short term, PH caused by chronic hypoxia resolves over several weeks or months 
after the return to normoxia. 

The classic understanding of chronic hypoxic PH is based on the concept that 
vascular remodeling is a consequence of sustained pulmonary vasoconstriction 
and increased pulmonary artery pressure. The resulting increase in shear stress 
is thought to bigger hypertrophy and proliferation of the vascular SMCs (Fig. 1). 
Although this concept remains valid in many aspects, it is no longer viewed as 
the only pathophysiological mechanism of hypoxic PH. Recent evidence shows 
that hypoxia-induced pulmonary vascular remodeling can be attenuated despite 
enhanced hypoxic pulmonary vasoconstriction. This suggests that some of the 
vasoconstricting substances released in hypoxic lung tissue, most notably 
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endothelin (ET) and serotonin (5 -hydroxy tryptamine), may serve as growth 
factors for vascular SMCs, or exert other functions independent from their 
effects on vascular tone and from the severity of pulmonary vasoconstriction. 
Another recently identified mechanism that may be involved in hypoxia-induced 
pulmonary vascular remodeling is a direct effect of hypoxia on the expression 
of specific genes acting on SMCs, endothelial cells, fibroblasts, or extracellular 
matrix remodeling (Fig. 1). 
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Figure 1 . Hypoxia-mediated pulmonary vascular remodeling involves vasoconstriction and gene 
expression. 



2. Variability of Pulmonary Vascular Remodeling Among 
Species and Individuals: The Case of Patients with Chronic 
Obstructive Pulmonary Disease 

Acute hypoxic pulmonary vasoconstriction is ubiquitous among adult 
mammals, but considerable variations in chronic hypoxic PH occur within and 
across species (27). During chronic exposure to high altitude, PH is more severe 
in cattle and horses than in sheep and dogs. Furthermore, among humans and 
other mammals that live at high altitudes for many generations, PH is less severe 
and shows less inter-individual variation than in subjects from low altitudes that 
are briefly exposed to high altitudes. This observation suggested many years ago 
that genetic make-up may affect susceptibility to PH. In populations living at 
high altitudes, individuals carrying susceptibility genes probably died before 
puberty, leading to selection of individuals with little susceptibility to PH. This 
early hypothesis has received support from the finding that some individuals in 
cattle herds raised at high altitude in Colorado have an inherited susceptibility 
to PH and right ventricular failure, called brisket disease. 

Chronic hypoxemia is considered the main factor in the pathogenesis of PH 
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in patients with advanced chronic obstructive pulmonary disease (COPD). 
Although PH is usually mild to moderate, its severity varies greatly among 
individuals, with some patients developing severe PH out of proportion with the 
severity of their underlying disease. PH has a strong bearing on prognosis, 
independently from the severity of airflow limitation or hypoxemia, suggesting 
a genetic susceptibility to PH in this disease. Recent studies showing that PH 
severity in patients with advanced COPD is directly related to 5- 
hydroxytryptamine transporter (5-HTT) gene polymorphism(s) are consistent 
with this hypothesis. 

3. Role of Vasoconstriction in Hypoxia-induced Pulmonary 
Vascular Remodeling 

The development and maintenance of remodeling in response to chronic 
hypoxia was long ascribed solely to the increased pressure and shear stress that 
result from vasoconstriction in response to hypoxia. This idea was supported by 
a study in rats in which banding of one pulmonary artery prior to hypoxic 
exposure was followed by reduced vascular remodeling in the protected lung 
(26). In both the pulmonary and the systemic circulation, SMC proliferation has 
been viewed as an adaptive process in response to increased arterial wall stress. 
The promoters of genes for growth factors and other compounds, including TGF- 
13, platelet-derived growth factor (PDGF), and ICAM-1, contain shear-stress- 
response elements that are believed to mediate the induction of these genes 
during chronic hypoxia. Moreover, brief stretching of pulmonary artery segments 
has been shown to cause an endothelium-dependent increase in matrix protein 
synthesis (31), whereas more prolonged stretching induced hypertrophy and 
hyperplasia of SMCs and fibroblasts (13). A role for pulmonary vasoconstriction 
in vascular remodeling has also been suggested by the decreased medial 
thickening of pulmonary arteries in chronically hypoxic rats obtained with 
various vasodilator agents that depress smooth muscle tone through different 
mechanisms, such as calcium antagonists, methyldopa, atrial natriuretic peptide, 
inhaled nitric oxide (NO), and ET-1 antagonists. Moreover, species with the 
strongest and most sustained pulmonary vasoconstrictive response to acute 
hypoxia, such as cattle and swine, are also those with the most severe pulmonary 
vascular remodeling in response to chronic hypoxia (27). However, there are 
exceptions to this finding. In coati, another species with a powerful acute pressor 
response to hypoxia and thick muscular pulmonary arteries at sea level, 
pulmonary vascular remodeling did not develop upon exposure to a simulated 
altitude of 4900 m for 6 weeks (8). We recently found blunted pulmonary 
vascular remodeling in response to chronic hypoxia despite potentiation of the 
pulmonary pressor response to acute hypoxia in knock-out mice for the 5-HTT 
gene (5). Many pharmacological agents that decrease vascular tone may also act 
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on vessel muscularization by directly inhibiting SMC proliferation and 
hypertrophy. In addition to vasodilator effects, natriuretic peptides exert anti- 
mitogenic effects by binding to guanylate cyclase -linked receptors, thereby 
inducing intracellular accumulation of cyclic GMP (10). Although ET-1 may 
potentiate the acute pulmonary pressor response to hypoxia in vivo (22), it also 
has mitogenic effects and co-mitogenic effects with serum and other growth 
factors on vascular SMCs and fibroblasts from the pulmonary vascular bed of 
various species, and these effects are inhibited by ET A receptor blockade (35). 

4. Effect of Chronic Hypoxia on Hypoxic Pulmonary 
Vasoconstriction 

It has been long known that the pulmonary pressor response to acute hypoxia 
is impaired after prolonged exposure to hypoxia. Correction of hypoxemia in 
humans living at high altitude has little acute effect on pulmonary artery pressure 
and vascular resistance (18). Moreover, in lungs from chronically hypoxic rats, 
the pressor response to acute hypoxia is blunted and that to vasoconstrictor 
agonists enhanced. These observations are probably ascribable to the reduction 
in the delayed K + current seen upon return to normoxia in SMCs from distal 
pulmonary arteries of chronically hypoxic rats (29). In accordance with these 
findings, prolonged exposure to hypoxia has recently been shown to specifically 
downregulate the mRNA and protein expression of K^, channels a subunits in 
cultured pulmonary SMCs and to reduce K + currents through K v channels (24). 
The resultant membrane depolarization opens voltage -gated Ca 2+ channels, 
increases Ca 2+ influx, and raises cytoplasmic calcium. This effect may not only 
contribute to sustained pulmonary vasoconstriction, but also serve as a critical 
stimulus for pulmonary SMC proliferation during chronic hypoxia since 
increased cytosolic calcium concentrations have been shown to activate the 
mitogen-activated protein kinase cascade that stimulates synthesis of the 
transcription factors mediating cell proliferation (21). 

5. Changes in Pulmonary Vascular Reactivity During Exposure 
to Chronic Hypoxia 

Cell proliferation and matrix synthesis reflect a balance between pro- and 
anti-proliferative stimuli. Many of the growth factors and matrix proteins that 
contribute to vascular remodeling under hypoxia are derived from the 
endothelium. In vitro experiments have been conducted to assess the direct effect 
of hypoxia on the expression of their genes. Exposure to hypoxia reduces 
heparan sulfates (9), NO (20), and prostacyclin (19) release by cultured 
endothelial cells. However, in contrast with the reduced endothelial NO synthase 
(eNOS) protein levels in isolated endothelial cells exposed to hypoxia, 
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upregulation of eNOS has consistently been found to correlate temporally with 
the progression of hypoxia-induced pulmonary vascular remodeling (32). 
Increased inducible NOS (iNOS) expression has also been observed in lung 
tissue from chronically hypoxic mice. Although eNOS protein expression is 
increased, vasodilation in response to endothelium-dependent agents such as 
acetylcholine, ionophore, or seroto nin is abolished, whereas the response to NO 
is preserved in isolated lungs from chronically hypoxic rats. This suggests that 
eNOS activity is reduced in chronically hypoxic pulmonary hypertension (1). 

6. Role of Hypoxia-induced Gene Expression in Vascular 
Remodeling 

6.1. Transcriptional Responses to Hypoxia 

Hypoxia has been shown to affect the expression of specific genes by 
modulating a variety of transcription factors and transduction-signaling proteins. 
An essential mediator of transcriptional responses to decreased 0 2 availability 
is hypoxia-inducible factor 1 (HIF-1). Many genes implicated in the development 
of polycythemia and chronic hypoxic PH (erythropoietin, transferrin, vascular 
endothelial growth factor (VEGF), VEGF receptor 1, iNOS, heme oxygenase-1, 
ET-1, and 5-HTT) contain functionally important HIF-1 binding sites. The 
biological activity of HIF-1 is determined by the expression and activity of the 
HIF-1 a subunit. Under normoxic conditions, HIF-la appears to be ubiquitinated 
and undergoes proteasomal degradation. Hypoxia shares with iron chelators an 
ability to prevent the ubiquitination of HIF-la. Target gene transcription is 
activated when HIF-1 a dimerizes with HIF-1 P, and this heterodimer binds to 
DNA at sites containing the consensus sequence 5’-RCGTG-3\ The HIF-1 
binding site is present within a hypoxia response element, which is a cis-acting 
transcriptional regulatory sequence found within 5 '-flanking, 3 ’-flanking, or 
intervening sequences of target genes. Whereas HIF-la is essential for normal 
embryonic development, HIF-1 a +/ ‘ mice develop normally and are 
indistinguishable from wild-type littermates under normoxic conditions. 
However, when exposed to 10% 0 2 for 1-6 weeks, HIF-la +/ - mice demonstrate 
delayed development of polycythemia and PH as evidenced by a lower right 
ventricular pressure and right ventricular mass than wild- type controls similarly 
exposed to 3 weeks of hypoxia (34). Morphometric analysis of lung sections 
from HIF-1 a +/ ‘ mice exposed to 3 weeks of hypoxia shows a decreased 
percentage ofmuscularized vessels among distal vessels and a reduction in wall 
thickness of muscularized arteries. This is evidence that specific genes expressed 
under the control of HIF-1 during hypoxia exposure are involved in hypoxic 
pulmonary vascular remodeling. 

Other hypoxia-inducible transcription factors whose regulation closely 
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resembles that of HIF-la have been identified and designated HIF-2a (orEPAS- 
1) and HIF-3a. HIF-2ais more abundantly expressed in the lung than HIF-la 
and may be involved in lung vascular development. Moreover, its mRNA 
expression is closely correlated with that of VEGF mRNA. A recent study also 
provides evidence that these hypoxia-inducible transcription factors are involved 
in the strong proliferative response to hypoxia of cultured fibroblasts from 
pulmonary arteries (28). 

6.2. Hypoxia-induced Angiogenic Factors 

Exposure to hypoxia is associated with activation of endogenous angiogenic 
processes in the lung. Labeling studies in rats have demonstrated a burst of 
endothelial cell division in intraacinar arteries at the end of the first week of 
exposure to hypoxia. Moreover, recent results obtained by our group using 
quantification of lung immunoreactivity for factor VIII or lectin binding suggest 
an increase in lung vascular density in mice or rats exposed to hypoxia. Among 
angiogenic factors, lung VEGF-A is expressed at a high level by epithelial cells 
in the normoxic lung ( 2 ). Although endothelial cells do not express VEGF under 
normoxia, exposure to hypoxia leads to a dramatic increase in VEGF mRNA 
levels within a few hours (17). This transcription rate increase is mediated, at 
least in part, by HIF- 1 . Small amounts of VEGF can also be detected in 
conditioned medium of SMCs exposed to hypoxia. Furthermore, chronic hypoxia 
has been shown to further increase the expression of VEGF-A and its receptors 
VEGFR-1 and VEGFR-2, in the rat lung ( 2 ). VEGF-A protects against the 
development of chronic hypoxic PH. Indeed, inhibition of VEGF receptors 
through tyrosine kinase inhibitors causes mild PH and pulmonary vascular 
remodeling in normoxic rats and severe irreversible PH in chronically hypoxic 
rats ( 30 ). Moreover, adenovirus-mediated VEGF overexpression in the lung 
attenuates the development of hypoxic PH ( 23 ). 

6.3. Hypoxia-induced Heme Oxygenase- 1 

Upon exposure of SMCs to hypoxia, the transcriptional rate of heme 
oxygenase- 1 increases transiently, leading to concomitant production of carbon 
monoxide (CO). This CO can elevate cGMP levels in the same cells or 
neighboring cells, thus regulating vascular tone and inhibiting SMC proliferation 
in a manner similar to NO. Co-culture experiments have shown that transient 
endogenous CO production by hypoxia-exposed SMCs can easily diffuse across 
cell membranes and delay the production of ET-1 and PDGF by endothelial cells 
(1 1). However, COproduction is not sustained. When hypoxia is prolonged, the 
transcription rates of ET-1 and PDGF-B genes rise steadily, causing increased 
production of these two vasoconstrictors which, together with SMC mitogens, 
leads to enhanced smooth muscle growth and contractility. Moreover, evidence 
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against a major role for heme oxygenase induction in protection against hypoxic 
pulmonary vascular remodeling has been provided recently by experiments in 
which chronic hypoxia-induced pulmonary vascular remodeling and PH were not 
affected by disruption of the heme oxygenase- 1 gene in mice (33). 

6.4. Hypoxia-induced Endothelin-1 

Among the various vasoactive molecules or growth factors that have been 
implicated in PH, ET is particularly important given that ET receptor antagonists 
have been proved effective in patients with PH. ET was identified in 1988 and 
found to be the most potent vasoconstrictor ever known. The discovery that ET 
was abundantly expressed in the lung suggested a role for this factor in the 
initiation or progression of PH. Beneficial effects of chronic treatment with 
specific ET receptor antagonists in experimental hypoxic PH were first reported 
in 1994 and 1995. ET may contribute to the development of PH through its 
potent vasoconstricting properties or its pro-mitogenic properties. It is generally 
agreed upon that ET expression is increased in most forms of experimental and 
human PH. Increased ET-1 synthesis has been well documented in remodeled 
pulmonary vessels from a ni mals exposed to chronic hypoxia. The presence in the 
ET-1 gene of functional HIF-1 binding sites is consistent with these findings. ET 
may induce vascular remodeling after being activated in response to hypoxia 
through specific mechanisms acting via both vasoconstriction and growth 
promotion. Why ET is released in abundance in nonhypoxic PH, however, 
remains a mystery. The conditions that govern ET synthesis by endothelial or 
SMCs are incompletely understood. Reduced NO formation or NO 
bioavailability may influence ET production. Also, ET production may occur 
when SMCs shift from a nonsecreting to a secreting phenotype. All these 
abnormalities are consistently observed in the pulmonary circulation after 
exposure to chronic hypoxia. 

ET works through two receptor subtypes, ET A and ET B , with opposite effects. 
ET A receptors are present on vascular SMCs and mediate vasoconstriction and 
proliferation. ET 0 receptors are found predominantly on endothelial cells, where 
they promote vasodilation by releasing NO, prostacyclin, or other endothelium- 
dependent vasodilators. The endothelial ET 0 receptor has also been shown to 
indirectly modulate ET-1 synthesis through a negative feedback loop involving 
NO and to participate in the clearance of circulating ET-1. In normal mammals, 
ET 0 -dependent pulmonary vasodilation occurs upon administration of ET, even 
in doses that cause systemic vasoconstriction. Evidence of major changes in 
vasoreactivity to ET-1 has been obtained in experimental models of PH. 
Exposure of rats to chronic hypoxia abolishes the vasodilator effects and 
enhances the vasoconstrictor effects of ET-1. Alterations in endothelial function 
may explain these findings since impaired ET 0 -mediated vasodilation, whether 
related or unrelated to NO synthesis, has been reported during chronic hypoxia. 
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Consistent with this finding, improvement of endothelial function reduces ET- 
induced vasoconstriction. 

6.5. Hypoxia-induced Serotonin Transporter 

The serotonin transporter (5-HTT) in pulmonary vascular - SMCs has many 
attributes suggesting that it may be a key determinant of pulmonary SMC 
proliferation. It belongs to a family of integral membrane proteins responsible 
for terminating the action of neu retransmitters released from neurons. In addition 
to 5-HT reuptake into neurons, 5-HTT is responsible for indoleamine uptake by 
platelets, endothelial cells, and SMCs. These processes result in very low levels 
of free 5-HT in plasma under physiological conditions. Interest in the potential 
role for 5-HTT in PH was sparked by the observation that 5-HTT is a target for 
drugs that have been shown to increase the risk of PH development in humans. 

In addition to contributing to the uptake and subsequent inactivation of 
serotonin passing through the lung, 5-HTT mediates the proliferation of 
pulmonary vascular SMCs through its ability to internalize indoleamine The 
requirement of 5-HTT as a mediator of 5-HT mitogenic activity appeal's specific 
for SMCs from the pulmonary vessels, since it has not been demonstrated in 
SMCs from systemic vessels. We have recently reported that the mitogenic 
action of serotonin on cultured pulmonary vascular SMCs from rats is enhanced 
by hypoxia, which induces 5-HTT expression through a transcriptional 
mechanism and simultaneously increases 5-HTT activity, an effect associated 
with potentiation of the mitogenic effect of 5-HT (4). Exposure to hypoxia also 
increases 5-HTT expression in the rat lung, notably in the media of remodeled 
pulmonary vessels. The presence of two hypoxia-sensitive elements in the 
promoter region of the 5-HTT gene strongly suggests that 5-HTT may be an 
effector molecule for pulmonary vascular remodeling in response to hypoxia. 

In previous studies, we found that continuous intravenous infusion of 
serotonin worsened PH in rats exposed to chronic hypoxia (7). This effect was 
prevented by administration of a 5-HT transport inhibitor, despite a further 
increase in plasma serotonin levels. Moreover, when a 4-week course of the 5- 
HTT substrate dexfenfluramine (2g/kg body weight per day) was discontinued, 
5-HTT expression increased transiently in lung tissue and, concomitantly, 
hypoxic PH worsened (3, 6). 

Further information on the key role for 5-HTT activity in hypoxia-induced 
PH has been provided by experiments on mice lacking the 5-HTT gene. After 
exposure to hypoxia for 2-5 weeks, PH and vascular remodeling are less marked 
in 5-HTT-deficient mice than in littermate controls (5). This protection from 
pulmonary vascular remodeling and PH cannot be ascribed to decreased 
pulmonary vasoreactivity to hypoxia since the pulmonary pressor response to 
acute hypoxia is enhanced rather than blunted in 5-HTT' 1 ' mice. The mechanism 
underlying the protective effect remains speculative. One likely hypothesis is that 
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the platelet uptake deficiency leaves more indoleamine available for binding to 
5-HT receptors on pulmonary vascular SMCs. We found that 5-HT infusion in 
rats potentiated the in vivo acute pulmonary pressure response to hypoxia (7). 
Moreover, treatment with dexfenfluramine, which inhibits platelet 5-HT uptake 
and promotes 5-HT release by platelets, also potentiated acute hypoxic 
pulmonary vasoconstriction in vivo. It is therefore reasonable to assume that 
deficient platelet 5-HT uptake in 5-HTT A mice increases hypoxic pulmonary 
vasoreactivity through the same mechanism. Impaired serotonin release by 
platelets or secondary platelet dysfunction is unlikely to account for the 
attenuated pulmonary vascular remodeling in S-HTT' 7 ' mice. In this regard, a 
comparison of our results in 5-HTT’ 7 ’ mice with those previously reported in 
Fawn-Hooded rats is of interest. Fawn-Hooded rats have a genetic deficiency in 
5-HT platelet storage and a bleeding tendency due to a defect in platelet 
aggregation, yet their 5-Hl'l amino acid sequence is normal. Although Fawn- 
Hooded rats share with 5-HTT' 7 ’ mice an increase in pulmonary vasoreactivity 
to acute hypoxia, responses to chronic hypoxia are diametrically opposed: 
hypoxia-induced PH is exacerbated in Fawn-Hooded rats and attenuated in 5- 
HTT A mice. Therefore, attenuation of hypoxic PH is not related to platelet 5-HT 
depletion when 5-HTT expression and/or activity is present in pulmonary 
vascular SMCs. The observation of attenuated remodeling in our 5-HTT 
deficient mice emphasizes the key role for 5-HTT expression by pulmonary 
SMCs in the development of hypoxic PH. 

5-HTT can be competitively inhibited by the antidepressants fluoxetine, 
paroxetine, and citalopram. Consequently, these drugs inhibit the in vitro SMC 
proliferative response to 5-HT and, to a lesser extent, the growth response to 
serum. In vivo, we also recently observed that these drugs impaired hypoxia- 
induced pulmonary vascular remodeling, despite their potentiating effect on 
acute hypoxic pulmonary vasoconstriction. 

Recent studies have emphasized the contribution of 5-HT 1B and 5-HT 2B 
receptors to hypoxia-induced PH. 5-HT 1B receptors mediate contraction to 5-HT 
in human pulmonary arteries. 5-HT 1B -mediated contraction is enhanced in 
pulmonary arteries from hypoxic rats. Rats treated with a selective 5-HT 1D/1B 
receptor antagonist or mice deficient in 5-HT 1B receptors (5-HT 1B‘‘) have less 
severe PH and vascular remodeling than do wild-type controls, suggesting that 
5-HT 1B receptors may play a role in the development of PH via enhanced 5- 
HT 1B -mediated vasoconstriction (12). This effect, however, is modest, possibly 
because serotonin-induced pulmonary vasoconstriction does not greatly influence 
pulmonary vascular remodeling. Moreover, in a recent study, we found that 
treatment with the 5-HT 1B receptor antagonist GR1 27935 abrogated acute 
hypoxic vasoconstriction in mice, whereas the 5-HT 2A receptor antagonist 
ketanserin had no effect. When given chronically, neither GR nor ketanserin 
affected the development of chronic PH. When GR was given in association with 
citalopram or fluoxetine, the pulmonary vasoconstriction enhanced by the 
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antidepressant was reduced to the level observed in the absence of 
antidepressant, but no further benefit on chronic PH was obtained. 

Using the chronic hypoxic mouse model of PH, Launay et al. (14) recently 
showed that PH was associated with a substantial increase in 5-HT 2B receptor 
expression in pulmonary arteries and that PH did not develop in hypoxic mice 
with genetic or pharmacological inactivation of 5-HT 2B receptors. However, 
these results are difficult to compare with our findings on the role for 5-HTT, 
since the severity of hypoxic PH in the control animals differed markedly 
between the two studies. 

Several conclusions can be drawn from our results showing less hypoxic 
pulmonary vascular remodeling despite potentiation of the acute pressor response 
to hypoxia. First, precapillary vasoconstriction, which is considered an important 
contributor to pulmonary arterial muscularization, may not fully explain the 
pathophysiology of hypoxic PH. Second, SMC proliferation, which is the main 
component of pulmonary vascular remodeling, may be independent from the 
severity of hypoxic pulmonary vasoconstriction and closely linked to the 5-HTT 
pathway. 

At present, the mechanisms by which 5-HT may exert its mitogenic effects 
after being transported inside the SMCs remain speculative. Lee et al. (15) have 
reported that 5-HT-induced DNA synthesis is associated with tyrosine 
phosphorylation of GTPase-activating protein and that both events are blocked 
by inhibitors of 5-HT transport or tyrosine kinase. Therefore, although 5-HT- 
induced mitogenesis in SMCs requires cellular internalization through 5-HTT 
rather than binding to a membrane receptor, subsequent tyrosine phosphorylation 
of GTPase-activating protein appears to be an intermediate in the signaling 
pathway. Recently, involvement of superoxide anion formation in association 
with 5-HT transport has also been suggested as a possible contributor to the 
mitogenic effects of 5-HT (16). Since reactive oxygen species are also 
considered to be potential mediators of vascular remodeling, we cannot exclude 
that protection against PH in 5-HTT-deficient mice is indirectly related to 
decreased formation of superoxide anions. 

We recently reported an increased growth response to 5-HT or semm of 
pulmonary artery-derived SMCs from patients with primary PH, an effect 
ascribable to increased 5-HTT expression (3, 6). Proliferation in response to 5- 
HT is dose dependently inhibited by the highly selective 5-FTT transport 
inhibitors fluoxetine and citalopram but not by the 5-HT receptor antagonists 
ketanserin and GR 127935. These findings are ascribable in part to a variant in 
the upstream promoter region of the 5-HTT gene. 5-HTT expression is 
genetically controlled, and a polymorphism in the promoter region of the human 
5-HTT gene affects transcriptional activity. The long (L) promoter variant of the 
5-HTT gene is associated with increased 5-HTT expression, as compared with 
the short (S) variant, and causes an increase in 5-HT uptake. Pulmonary artery 
SMCs from controls with the LL genotype take up more 5-HT than do SS or LS 
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cells and, accordingly, the growth-stimulating effects of 5-HT are more marked 
in LL cells than in LS or SS cells. Thus, the capability of pulmonary artery 
SMCs to proliferate in response to 5-HT is directly linked to the functional 
polymorphism of the 5-HTT gene promoter. Interestingly, the L variant of the 
5-HTT gene polymorphism associated with 5-HTT overexpression appears more 
common in patients with primary PH than in controls: the L variant was present 
in homozygous form in 65% of 89 patients with primary PH but in only 27% of 
normal controls. Although these results demonstrate that the long allele of the 5- 
HTT gene promoter is associated with increased serotonin uptake in pulmonary 
artery SMCs, they do not fully explain the increased 5-HTT expression in 
patients with primary PH, since 5-HTT expression is higher in cells from patients 
than in same-genotype cells from controls. Whether this overexpression results 
from an alteration in the 5-HTT gene itself or from alterations in other factors 
involved in regulating 5-HTT gene expression remains to be determined. 
However, these data are consistent with the hypothesis that 5-HTT 
polymorphism confers susceptibility to primary PH. Whether 5-HTT gene 
overexpression is associated with other forms of secondary PH deserves further 
study. A role for 5-HTT in experimental hypoxic PH is now clearly established, 
and recent data from our laboratory demonstrating that 5-HTT gene 
polymorphism may determine the severity of PH in patients with chronic 
obstructive pulmonary disease extend this concept to humans. Agents capable of 
selectively inhibiting 5-HTT-mediated pulmonary artery SMC proliferation 
deserve to be investigated as potential treatments for PH. 

7. Summary 

The development and maintenance of hypoxia-induced pulmonary vascular 
remodeling is not related only to the precapillary pressure increase and shear 
stress that result from pulmonary vasoconstriction. The recent finding that 
several mammalian species and mice with 5-HTT deficiency show little hypoxic 
pulmonary vascular remodeling despite a strong acute hypoxic pressor response 
suggests that precapillary vasoconstriction may not fully explain the 
pathophysiology of hypoxic PH. SMC proliferation, the main component of 
hypoxic pulmonary vascular remodeling, may be best viewed as a process linked 
to the direct effect of hypoxia on the expression of various genes. Exposure to 
hypoxia has been shown to downregulate K v -channel a subunits in SMCs from 
pulmonary arteries, thereby decreasing K + flows and increasing cytoplasmic Ca 2+ 
concentrations in these cells. The effect of hypoxia on gene expression may also 
alter the balance between pro- and anti-proliferative factors derived from the 
endothelium. Hypoxia increases the expression of ET-1 and PDGF and decreases 
the expression of heparan sulfate, prostacyclin synthase, and eNOS synthase. 
Hypoxia is also known to increase the transcription rate of various genes 
involved in vascular remodeling through hypoxia-inducible transcription factors. 
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VEGF, which is the product of one of the genes containing functionally 
important binding sites for HIF-1, may protect against the development of 
hypoxic PH by stimulating angiogenic processes. Recent experimental findings 
demonstrate that an increase in the transcription rate of the 5-HTT gene in 
response to hypoxia plays a major role in pulmonary SMC proliferation. 5-HTT 
expression is genetically controlled, and a polymorphism in the promoter region 
of the human gene affects transcriptional activity, the long promoter variant of 
the gene being associated with increased expression as compared with the short 
variant. The ability of SMCs to proliferate in response to 5-HT is linked to this 
functional polymorphism, which may confer susceptibility to various forms of 
PH in humans, most notably chronic hypoxic PH. 

The recent finding that several factors, including 5-HT and ET, are involved 
not only in experimental hypoxic PH but also in human primary PH suggests that 
common mechanisms lead to pulmonary vascular remodeling, whatever the 
inciting causal factor. This provides a strong rationale for actively investigating 
the mechanisms that underlie the complex vascular changes responsible for the 
hypoxia-induced pulmonary vascular remodeling. Such studies may identify new 
molecular pathways involved in various types of PH. 
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1. Introduction 

Chronic hypoxia promotes alterations in pulmonary vascular structure and 
function that culminate in sustained increases in pulmonary vascular resistance 
and right ventricular hypertrophy. These effects of hypoxia on the pulmonary 
artery (PA) wall are controlled by dynamic interactions between resident and 
itinerant cells, the extracellular matrix, and the chemical signaling environment 
in which the cells reside. Cellular responses include smooth muscle hypertrophy, 
which may account for medial thickening in normally muscularized arteries, and 
proliferation of smooth muscle or smooth muscle precursor cells which may 
contribute to extension of new muscle into normally non-muscularized vessels 
(17). Excessive deposition and disorganization of interstitial and basement 
membrane matrix proteins also contribute to structural changes (35). Fibroblasts, 
PA smooth muscle cells (PASMCs), endothelial cells (ECs), and perhaps others 
may be sources of these matrix proteins. A number of growth factors and 
vasoactive mediators, many of which are bifunctional, also have been 
incriminated in pulmonary hypertension (8). 

Because so many signals impact on lung cells in pulmonary hypertension, it 
is unlikely that a single key ligand or receptor could serve as an isolated 
pharmacologic target. Alternatively, intracellular signal transduction processes 
used to integrate stimuli originating from the local environment seem especially 
appealing. In this context, our research has focused on the polyamines putrescine 
(PUT), spermidine (SPD), and spermine (SPM), a family of low molecular 
weight organic cations that may be uniquely situated to impact on a number of 
signal transduction pathways. It has been recognized for many years that precise 
adjustments in poly amine pools are required for cell growth and differentiation 
(25). More recently, polyamines have been incriminated in regulation of 
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apoptosis (20). Emerging data also indicate that the polyamines are involved in 
relatively proximate events in signaling. For example, polyamines exhibit 
substantial antioxidant activity (10) and in lung vascular cells hypoxia causes 
generation of reactive oxygen species (9, 14). Interactions between polyamines 
and reactive oxygen species could thus effect hypoxic signal transduction 
pathways incriminated in both acute hypoxic pulmonary vasoconstriction (36) 
and hypoxia-induced gene expression (3). Polyamines also may govern certain 
ion channels and receptors (13) and modulate a number of mitochondrial 
functions (29) that could be linked to hypoxic adaptation. Hypoxia alters calcium 
fluxes in lung vascular cells (4), and in certain non-vascular cells, increased 
polyamine content is a stimulus for elevations in cell Ca 2+ (15). PKC activation, 
possibly PKC-a, occurs in hypoxic PASMCs (6) and poly amines may enhance 
or depress PKC activity depending on the cell type (18, 32). Given the many 
signaling events in which polyamines have been incriminated, the potential of 
this family of molecules to serve as an isolated pharmacologic target in hypoxic 
lung disease would seem to warrant attention. 

2. Polyamine Regulation in the Hypoxic Lung 

Cell polyamine contents are governed by multiple interactive pathways (25). 
In de novo polyamine synthesis, PUT is synthesized from its precursor, ornithine, 
via ornithine decarboxylase (ODC), which is also one of the rate-limiting 
enzymes in polyamine synthesis. PUT is then converted sequentially to SPD and 
SPM via two other potentially rate-limiting enzymes, S-adenosyl-methionine 
decarboxylase (AdoMet-DC), and SPD- and SPM- synthases, respectively. De 
novo polyamine synthesis can be suppressed pharmacologically by a- 
difluoromethylomithine (DFMO), a specific inhibitor of ODC. ODC is unusual 
in terms of its regulation. The protein has one of the shortest half lives of known 
mammalian enzymes and is exquisitely sensitive to changes in the abundance of 
antizyme, a family of at least three 18-30 kDa proteins that inhibit ODC and 
promote its 26S proteasome-dependent degradation (19). 

A second regulatory pathway is transmembrane transport (30). In some cells, 
polyamine uptake accompanies proliferation while it is down-regulated during 
quiescence. In polyamine-depleted cells, transport processes may restore 
polyamine levels and revitalize cell functions. Polyamine transport activity 
seems to require ongoing RNA and protein synthesis and, in some cells, may 
require an intact sodium gradient. There also appeal's to be considerable 
differences in terms of the number of polyamine transporters, with some cells 
expressing a single transporter with overlapping specificity for the three 
polyamines and others expressing uptake pathways that are relatively specific for 
each poly amine. It is unknown whether the multiple transporters are regulated 
differentially and if so, what biological significance such regulation might be. 
Fike ODC, polyamine uptake is negatively regulated by antizyme. 
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A third pathway involves polyamine interconversion, catalyzed by the SPD 
and SPM aminopropyl transferases, another rate-limiting enzyme-SPD/SPMN 1 - 
acetyltransferase (SAT), and polyamine oxidase (5). These latter two enzymes 
are responsible for conversion of SPM back to SPD and SPD to PUT. 

Finally, it has been speculated for many years that polyamine 
compartmentation was an important regulatory pathway. In support of this idea, 
the abundance of SPM in mitochondria and nuclei is known to change during the 
cell cycle (27). It has also been shown that mitochondria express a polyamine 
“uniporter” (34) which could govern mitochondrial polyamine contents 
independently of cytosolic changes. Subcellular poly amine distribution has not 
been explored in pathologic contexts. 

De novo polyamine synthesis seems to be a dominant regulatory mechanism 
underlying most types of lung structural remodeling. Increased lung ODC 
activity is temporally -related to elevations in poly amine content that accompany 
postnatal lung growth (33), repair of hyperoxic lung injury (11), and 
monocrotaline-induced pulmonary hypertension (21, 23). ODC inhibition with 
DFMO prevents the entire spectrum of monocrotaline-induced lung pathology, 
including vascular hyperreactivity, edema, medial arterial thickening, pulmonary 
hypertension, and right ventricular hypertrophy (7, 22). These observations 
emphasize the importance of ODC and de novo polyamine synthesis in 
regulating lung polyamine contents and attendant changes in lung structure, 
including the monocrotaline model of chronic pulmonary hypertension. 

Unlike the dominant role of increased de novo poly amine synthesis in other 
pulmonary diseases, hypoxic pulmonary vascular remodeling seems to have an 
unusual dependence on augmented polyamine transport and perhaps on 
polyamine interconversion. In support of this idea, we found that although 
polyamine contents were elevated by hypoxia (24), ODC activity was decreased 
in intact rat lungs (31). In contrast, PUT uptake was augmented and efflux was 
reduced in lungs from hypoxic rats. Activities of polyamine interconverting 
enzymes, AdoMet-DC, SAT, and polyamine oxidase, also were elevated. 

3 Lung Cell-specific Polyamine Transport Regulation 

Given the substantial effect of hypoxia on lung vascular structure and the 
requirement for polyamines in cell proliferation and differentiation, we 
postulated that the hypoxia-induced increase in polyamine uptake would be 
prominent in PA cells. Previous autoradiographic studies on the cellular 
localization of poly amine uptake focused on the normoxic lung and identified the 
most prominent sites of uptake as alveolar type I and 11 cells (12). Uptake by 
cells of the normoxic pulmonary circulation had not been appreciated. 
Accordingly, we used rat lung and main PA explant preparations to examine the 
effects of culture in a hypoxic environment for 24 hours on [ l4 C]-SPD 
localization in vascular cells (1). We found increases in the density of [ U C]-SPD 
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labeling in both intimal and medial layers of conduit, muscularized, and 
partially-muscularized PAs. The extent of [ l 4 C]-SPD uptake in main PA explant 
preparations also was elevated in hypoxia and autoradiography revealed that the 
increase could be ascribed to augmented labeling of both intimal and medial 
arterial layers. The hypoxia-induced increase in [ l 4 C]-SPD transport was most 
evident in smooth muscle cells of the media. Viewed collectively, these findings 
in lung and main PA explant preparations suggested that hypoxia increases SPD 
uptake in PAECs and PASMCs, most conspicuously in vascular smooth muscle. 

To explore cell-cell interactions in the hypoxic pulmonary vasculature that 
could impact on polyamine transport properties, we examined the effect of 
hypoxia in rat denuded PA explants (1). Endothelial denudation reduced the 
baseline [ l 4 C]-SPD uptake and abolished the increase normally evoked by 
hypoxia. One explanation for this observation was that hypoxic PAECs elaborate 
a factor(s) that increases [ l 4 C]-SPD uptake by the underlying smooth muscle. To 
address this possibility, a cross-over design was used in which media conditioned 
by normoxic or hypoxic PAECs was applied to denuded main PA explants. 
Normoxic PAEC-conditioned media failed to increase the [ l 4 C]-SPD uptake rate 
in either normoxic or hypoxic denuded explants, thus suggesting that induction 
of SPD transport in medial smooth muscle cells cannot be ascribed to the 
hypoxia-mediated activation of a factor(s) released constitutively by cultured, 
normoxic PAECs. However, while media conditioned by hypoxic PAECs also 
did not elevate the uptake rate in normoxic explants, it engendered substantial 
increases in the hypoxic explant preparation. This pattern of results was 
recapitulated using cultured PASMCs as the bioassay preparation and supports 
the idea that a factor(s) elaborated by hypoxic PAECs is permissive for the 
ability of hypoxia to increase [ l 4 C]-SPD uptake rate in PA smooth muscle. 

The identity of the postulated endothelium-derived factor(s) enabling 
hypoxic SPD uptake by underlying smooth muscle is unknown. There are many 
candidate mediators, such as endothelin, PDGF, and serotonin (8). Based on 
mounting evidence for involvement of proteases in vascular development and 
remodeling (26), including hypoxic pulmonary vascular remodeling (39), we 
examined the prospect that an endothelium-derived protease was important for 
hypoxic induction of poly amine transport in PASMCs. Media conditioned by 
hypoxic PAECs was treated with the non-selective protease inhibitor, aprotinin, 
or the serine protease inhibitor, 1 -antitrypsin, and applied to denuded main PA 
explants cultured in either normoxic or hypoxic conditions. As shown in Figure 
1 , the ability of hypoxic PAEC-conditioned media to enable hypoxia-induced 
rises in the [ l 4 C]-SPD uptake rate in main PA explants was attenuated by both 
protease inhibitors. Identical results were obtained using cultured PASMCs as 
the bioassay preparation. Much work remains to be done, but the idea that an 
endothelium derived serine protease(s) is an activator of SPD transport in 
hypoxia by medial arterial smooth muscle is an attractive hypothesis. 
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Figure 1. Aprotinin (AP, lOpg/ml; A) and alpha- 1 -antitrypsin (AAT, 50pg/ml; B) attenuate 
hypoxic EC conditioned media (HECM)-induced hypoxia-dependent polyamine transport in rat 
main PA explants. Normoxic EC conditioned media (NECM) failed to increase polyamine 
transport in either hypoxic or normoxic PA explants. Mean± SE (n=4). * P<0.05 vs. NECM. 



We undertook additional studies in rat PAECs and PASMCs with the aims 
of determining the mechanism of the hypoxic effect on poly amine import and if 
there were multiple transporters regulated differentially by hypoxia (2, 28). 
Confluent cultures ofboth cell types were exposed to normoxia or hypoxia and 
uptake rates for [ l 4 C]-PUT, -SPD, and -SPM were determined as a function of 
polyamine concentration. Polyamine transport pathways in normoxic control 
populations of these lung vascular cells resembled other cells described in the 
literature; they exhibited time-, temperature-, and concentration-dependencies. 
Polyamine transport in lung vascular cells required ongoing RNA synthesis. 
Protein synthesis inhibition was associated with a transient increase in polyamine 
import, presumably as a result of relief from antizyme-mediated inhibition, while 
long term protein synthesis inhibition resulted in a reduction in polyamine 
import. Uptake of PUT, SPD, and SPM could be modeled according to 
Michaelis-Menten kinetics and values for K,,, and V max are shown in Table 1. In 
normoxic cells, the kinetic parameters are on the same order of magnitude. 



Table 1. Values of K tn (top) and V max (bottom) for Polyamine Uptake in Rat PASMCs and ECs 
Cultured under Control (CON) and Hypoxic (HYP) conditions 









K™ (PM) 








PUT 




SPD 


SPM 






PASMCs 


ECs 


PASMCs ECs 


PASMCs 


ECs 


CON 


7.06±3.48 


5.1±0.75 


2.48±0.66 2.5±0.45 


2.85 ±0.92 


5.6±1.15 


HYP 


14.8 ±2.97* 


6.0±0.75 


2.41±0.73 2.8±0.65 


2.04 ± 0.77 


1 1.3±3.0* 






v mlx 


(pMoles/10 6 cells/min) 








PUT 




SPD 


SPM 






PASMCs 


ECs 


PASMCs ECs 


PASMCs 


ECs 


CON 


9.14 ±2.33 


5.60±0.30 


21.23 ± 1.92 4.60±0.25 


17.44 ±2.04 


3.50±0.30 


HYP 


29.3 ± 3.92* 


10.9±0.06* 24.72 ±2.53 8.60±0.65* 


19.88 ±2.39 


8.90±1 .20* 



Values are expressed as mean ± standard error. * P<0.05 vs. control. 
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Figure 2. Competition between 0.1 pM [ H C]-labeled polyamines with the two other unlabeled 
polyamines at the indicated concentrations for uptake in rat PAECs (A) and PASMCs (B). 
Mean±SE as percentage of control values (n=6). 



In other key respects, however, the polyamine transport pathways 
operative in cultured rat main PAECs and PASMCs are different. For example, 
in PAECs there is relatively little cross-competition between the three 
polyamines for uptake, while in smooth muscle cells, SPD and SPM exhibit 
cross-competition and inhibit PUT uptake while PUT has minimal effect on the 
import of SPD and SPM (Fig. 2). 



75-| 




PAECs PASMCs 



□ «nr 

□ SPD 
■ SPM 



Figure 3. Uptake of the three polyamines (0. 1 pM) from Na + -free media in cultured PAECs and 
PASMCs (% of uptake in control, normal Na + conditions). MeaniSE (n=6). 

The Na + -dependence of polyamine transport is also appears to differ 
between the cell types. Replacing Na + with choline significantly (/ J <0.()5) 
inhibits uptake of all three poly amines in ECs, while in PASMCs PUT import is 
more prominently inhibited by Na + depletion than the other polyamines (Fig. 3). 
Finally, the most interesting difference pertains to the transport response to 
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hypoxia. As shown in Table 1, PAECs responded to hypoxia with an increase in 
the for transport for all three polyamines, while SMCs exhibited a selective 
increase in the V max for PUT uptake, with the values for SPD and SPM 
unchanged from controls. 

4. Polyamine Transport as a Target for Intervention in Hypoxic 
Pulmonary Hypertension 

The hypoxia-induced increase in polyamine uptake by pulmonary 
vascular cells raises the question of whether lung cell polyamine regulatory 
pathways could serve as targets of pharmacologic intervention in hypoxic 
pulmonary hypertension. Based on the finding that hypoxia decreases ODC 
activity, ODC blockade would not seem to be a promising approach. 
Pharmacologic manipulation of poly amine import has not, until recently, been 
possible owing to the lack of suitable agents. Recently, however, Weeks et al. 
reported the development of a lysine-polyamine conjugate, ORI1202, which 
specifically inhibited polyamine import in a variety of transformed cells (37). 



A 



B 



Hyp 4- 

Con It)p OKI OKI 



p38 



Phospho-p38 • 





Figure 4. Impact of the polyamine transport inhibitor, ORI1202, on hypoxic activation of p38 
MAP kinase. A: Uptake of 0.3 pM putrescine in normoxic control PASMCs (Con), PASMCs 
cultured in hypoxia for 6h (Hyp), control PASMCs incubated with 30 pM ORI1202 (ORI), and 
hypoxic PASMCs incubated with ORI1202 (Hyp + ORI). B: Western blot analyses of total and 
phospho-p38 in normoxic and hypoxic PASMCs with and without treatment with 30 pM 
ORI 1202. Band intensities from 4 experiments were quantified by densitometry and expressed 
as a percentage of control. *P< 0.05 vs. normoxic control (Modified from Ref. 28). 



We used ORI 1202 to explore the importance of augmented putrescine 
transport in the adaptive response to hypoxia by PASMCs (28). As a molecular 
marker of the hypoxic effect, we assessed the amount of total and phosphorylated 
p38 MAP kinase, which is centrally involved in the response to hypoxia in a 
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variety of cells (16, 38). The transport inhibitor profoundly reduced both the 
baseline import and the hypoxia-induced rise in PUT import (Fig. 4). While 
neither hypoxia nor ORI1202 altered the total p38, we found that hypoxia 
elevated the amount of phospho-p38 and, importantly, that the increase was 
suppressed by ORI1202. A conservative interpretation of these observations is 
that induction of PUT transport by hypoxia is necessary for activation ofp38 
MAP kinase and its downstream signaling pathways in PASMCs. 



PLT 

SPD 

SPM Na + 




Figure 5, Proposed model for lung cell-specific polyamine transport regulation in hypoxia. 
Hypoxia upregulates activity of a Na + -dependent polyamine transporter. In PAECs, all three 
polyamines are imported via this pathway, but in PASMCs, only PUT uptake is Na*-dependent. 
The biological roles of transported polyamines are speculative, but in PAECs may be required for 
elaboration of a serine protease which is permissive for hypoxia-mediated increases in SPD and 
SPM import in PASMCs, which occurs via a NaAndependent transport pathway. In contrast, the 
direct effect of hypoxia on Na + -dependent PUT uptake in PASMCs is required for p38 MAP 
Kinase activation and the ensuing adaptive response. 

5. Summary and Future Directions 

It is presently difficult to construct precise models for the cellular 
regulation of polyamine import in the hypoxic pulmonary circulation; this is 
partly due to the lack of tools to probe the polyamine transport pathways at the 
molecular level. Nevertheless, findings from the above studies support the 
possibility that hypoxia directly up-regulates Na + -dependentpolyamine transport 
pathways (Fig. 5). In PAECs, where there seems to a sodium-dependent import 
pathway with overlapping selectivity for the three polyamines, hypoxia elevates 
the uptake rate of PUT, SPD, and SPM. In contrast, PASMCs express only the 
enhanced PUT transport pathway that is Na + dependent and only PUT uptake is 
upregulated under hypoxic conditions. To add to the complexity, our data also 
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suggest that a serine protease elaborated by hypoxic PAECs enables the hypoxic 
induction of SPD uptake by underlying smooth muscle. This increased SPD 
transport would, presumably, be linked to induction of the non-specific, sodium- 
independent uptake pathway. Additional studies, using a combination of in vivo 
and in vitro model systems will be required to appreciate the fine structure of 
polyamine regulation in hypoxic lung vascular cells. 

There are many outstanding questions pertaining to regulation of 
polyamine transport in hypoxic lung vascular cells. One relates to the presence 
of multiple transporters and their differential regulation in hypoxia; the 
biological significance of this is not clear. Another issue pertains to the 
biological significance of the apparent interaction between direct effects of 
hypoxia on PASMC PUT uptake and the permissive effects of a PAEC-derived 
protease on PASMC uptake of SPD and SPM. Perhaps this dual regulatory mode 
governs the timing of transport induction in PASMCs, with an initial burst of 
PUT transport regulating certain cellular responses while the delayed increase 
in SPD and presumably SPM uptakes modulating other aspects of the PASMC 
response to hypoxia. Finally, and in a related context, the specific cellular 
responses that require increased polyamine transport in hypoxia are unknown. 
While traditional concepts tended to view the polyamines as being biologically 
equivalent, there are various reasons to believe that the individual polyamines 
may have discrete functions (5). At this point, we know only that the hypoxia- 
induced p38 MAP kinase phosphorylation in PASMCs is dependent on increased 
PUT uptake (Fig. 5), but whether other events in cellular adaptation to hypoxia 
have a specific requirement for SPD and/or SPM uptake is unknown. 

The integrated response of the pulmonary circulation to hypoxia is 
complex, involving many different cell types, mediators, and transduction 
pathways. The polyamines, by virtue of their role in multiple signaling events, 
would seem to be an important point of integration of the many stimuli acting on 
hypoxic lung cells. Our findings that polyamine transport, rather than de novo 
polyamine synthesis, seems to be the dominant pathway regulating lung vascular 
cell polyamines during hypoxia suggest that polyamine transporter(s) may be an 
isolated target for intervention. The inhibitory effect of the polyamine transport 
inhibitor, ORI1202, on hypoxia-induced p38 MAP kinase phosphorylation in 
PASMCs is provocative. If the effector cells in hypoxic pulmonary hypertension 
rely on augmented polyamine import as a source of signaling molecules, while 
cells not intimately linked to the hypoxic response continue to synthesize 
polyamines via the actions of ODC, then transport blockade could be a rather 
selective pharmacologic strategy. Studies in intact animal models would be 
helpful in resolving this issue and establishing the safety and efficacy of 
polyamine transport inhibitors as a therapeutic strategy in hypoxic pulmonary 
hypertension. 
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1. Introduction 

Upon exposure to high altitude, most mammals develop acute hypoxic 
pulmonary vasoconstriction (HPV) and, if the high altitude exposure is sustained, 
pulmonary hypertension, right ventricular hypertrophy, pulmonary vascular 
remodeling and polycythemia. However, there is a wide variability in the 
response to both acute and chronic hypoxia across species, strains and 
individuals. Some species acclimatize to hypoxic conditions successfully and 
develop mild pulmonary hypertension, whereas others develop severe pulmonary 
hypertension. For example, llamas at high altitude develop less pulmonary 
hypertension than cattle (3, 16). Moreover, individuals within species vary in 
their susceptibility to high altitude. For example, approximately 2-10% of cattle 
exposed to high altitude develop Brisket’s Disease, which is characterized by 
severe pulmonary hypertension and right heart failure (20, 50), whereas the 
majority ofcattle are resistant. Likewise, our previous work on Sprague-Dawley 
rats has shown that the Hilltop strain develops more severe pulmonary 
hypertension, right ventricular hypertrophy and polycythemia than the Madison 
strain despite identical exposures to chronic hypoxia (41). 

Humans also vary considerably in their response to high altitude or alveolar 
hypoxia. A small number of people develop chronic mountain sickness, 
characterized by severe pulmonary hypertension, hypoxemia and polycythemia 
(33). Although all the factors responsible for these differences between and 
within species are not completely known, multiple factors including 
physiological, biochemical, structural and, ultimately, genetic are likely to 
contribute to the strain differences in the responses to acute and chronic hypoxia, 
and will be discussed below. 
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2. Physiological Differences 
2.1. Cardiopulmonary Differences 

Hypoxia-induced strain-related cardiopulmonary differences have been 
described between several rat strains that parallel the differences reported 
between the Hilltop and Madison strains (Table 1). For instance, Wistar-Kyoto 
rats develop more pulmonary hypertension and muscularization of small 
pulmonary arteries than Fischer 344 rats (1), and fawn-hooded rats develop 
severe pulmonary hypertension and vascular remodeling in comparison to to age- 
matched Sprague-Dawley rats (45). 



Table 1. Variability Among Species and Within Species in Response to Chronic Hypoxia 



Hyperresponder 


Hyporesponder 


Reference 


Hilltop rat 


Madison rat 


Ou and Smith, 1983 (41) 


Fawn-Hooded rat 


Sprague-Dawley rat 


Stelzner et al., 1992 (45) 


Yak 


Domestic cow 


Durmowicz et al., 1993 (8) 


Wistar-Kyoto rat 


Fischer 344 rat 


Aguirre et al., 2000 (1) 


Pikas 


Wistar Rat 


Ge et al., 1998 (3) 



Our laboratories have performed a number of detailed physiologic studies in 
order to elucidate these differences. In a study designed to understand 
polycythemic responses to hypoxia (34, 41), Ou and Smith first described the 
fundamentally different cardiopulmonary responses to high altitude in the Hilltop 
and Madison rats. Rats obtained from Hilltop laboratories (Hilltop, PA) became 
severely polycythemic and moribund after 4-5 weeks of hypoxic exposure, 
whereas those from the Madison, Wisconsin facility of Harlan Sprague Dawley 
were resistant to chronic hypoxia, developing only mild polycythemia and no 
morbidity after the same hypoxic exposure. Subsequent work demonstrated that 
the Hilltop rats behaved as though they developed chronic mountain sickness, 
with more severe polycythemia, pulmonary hypertension and right ventricular 
hypertrophy than the Madison rats (41). These cardiopulmonary differences were 
consistently observed regardless of gender, indicating a probable genetic origin 
(42). The time course of these changes is shown in Figure 1. Greater pulmonary 
hypertension and right ventricular hypertrophy were apparent in the Hilltops than 
Madisons as early as 7 days as indicated by differences in the right ventricular 
peak systolic pressure and the ratios of the left ventricular plus septal weights to 
right ventricle to (LV+S/RV), respectively (23, 24). However, significant 
differences in hematocrit between the strains were not apparent until after 2 
weeks, suggesting that this difference was probably not primarily responsible for 
the cardiopulmonary differences. 
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Figure 1: Time course of changes in right ventricular peak systolic pressure (RVPP) (A), right 
ventricular to body weight (RV) (B), left ventricular plus septal to right ventricular weight 
(LV+S/RV) ratios (C) and hematocrit (Hct) (D) over days of hypoxic exposure (left side of 
panels) and normoxic recovery from hypoxia (right side of panels). *P< 0.05 vs. baseline, tP<0.05 
Madison (o) vs Hilltop (•) (Modified from Ref. 24). 



2.2. Hematologic Differences 

The Hilltop and Madison strains manifest no hematologic differences under 
normoxic conditions. However, Hilltop rats develop greater polycythemia in 
response to hypoxic exposure than Madison rats, with statistically significant 
differences in hematocrit appearing within two to three weeks (Fig. 1) (23, 24). 
This is associated with greater increases in total blood volume and red cell mass 
in Hilltop rats that are apparent within 3 days (Fig. 2A) (35). To compensate for 
the increase in total blood volume as red cell mass increases, plasma volume 
decreases similarly in both strains, contributing to hemoconcentration. However, 
this mechanism is overridden when hematocrit reaches 75%, leading to a rapid 
increase in total blood volume when hematocrit exceeds that level (35). 
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Figure 2. A: Changes in total blood volume (TBV) and red blood cell volume (RBCV) (upper 
panel) and total plasma volume (TPV) (lower panel) per 1 00 g body weight (bw) over days of 
high altitude exposure in Madison (o) and Hilltop (•) rats. *P<0.05 in Hilltop vs Madisons. B: 
Time course of hematocrit (Hct), mean red cell volume (MCV), reticulocyte count (RETIC) and 
relative viscosity over duration of hypoxic exposure in days. *P< 0.05 Hilltop vs Madison, 
fP<0.05 vs. baseline value. SL, seal level (Modified from Refs. 23 and 35). 



The increased red cell mass parallels an early increase in mean red cell 
volume in Hilltop rats that is significantly greater than in the Madison strain 
within 3 days of hypoxic exposure (Fig. 2B). This is accompanied by a greater 
early reticulocytosis (after 3 days) and a greater increase in relative viscosity of 
whole blood (after 7 days) in Hilltop compared to Madison rats. The spleen plays 
a prominent role in extra- medullary hematopoeisis in rats, and splenic size is also 
greatly enhanced in the Hilltop compared to the Madison rats during exposure 
to chronic hypoxia (27). 

On the other hand, red cell deformability and viscosity of reconstituted blood 
at equivalent hematocrits did not differ between the strains, suggesting that the 
Hilltop strain’s larger red cells perse do not contribute to the cardiopulmonary 
differences between the strains. Furthermore, pressure-flow curves of lungs 
isolated from normoxic and 7 day hypoxic rats suggested that the differences in 
pulmonary vascular resistance between the strains were related more to 
pulmonary vascular structural than to hematologic differences (22). 

Ou et al. (36, 39) investigated the mechanisms underlying the differences in 
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hypoxia-induced hematological responses between the strains and found 
increased plasma erythropoietin and renal tissue erythropoietin levels in both 
strains occurring within 1 day of hypoxic exposure (Fig. 3). However, renal 
tissue erythropoietin mRNA levels were not different early during the hypoxic 
exposure. The trend toward greater erythropoietin levels in the Hilltop strain 
early in the hypoxic exposure reached statistical significance only after 7-10 
days of hypoxic exposure. There were no differences in minute ventilation or 
ventilatory pattern, Pa0 2 , pH, or eryhropoietin clearance from the circulation at 
any time during the entire 30-day hypoxic exposure . However, the Pa0 2 and 
renal venous P0 2 were lower in the Hilltop compared to the Madison rats from 
the onset of hypoxia and remained lower throughout. 
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Figure 3. Time course of erythropoeitin plasma levels (A) and renal tissue levels (per gram tissue 
weight) (B) in Hilltop and Madison rats during days of hypoxic exposure. *P< 0.05 Hilltop vs 
Madison. SL, seal level (Modified from Ref. 36). 



The authors performed a post-hoc analysis in which they demonstrated that 
renal tissue and plasma erythropoietin levels and tissue erythropoietin mRNA 
levels from both rat strains could be fit on a single dose-response curve in which 
the erythropoietin response was expressed as a function of renal venous Po 2 . This 
implies that the hypoxia sensitivity of erythropoietin synthesis and release in the 
Hilltop and Madison rats is similar, but Hilltop rats simply experience greater 
renal venous hypoxia for any level of inspired 0 2 . This leaves unexplained the 
reason for the greater renal venous hypoxia in the Hilltop rats early during the 
hypoxic exposure, although it is clearly not related to greater hypoventilation in 
the Hilltop compared to the Madison rats. Sludging of red cells and slowing of 
blood flow through capillaries could contribute late during the hypoxic exposure, 
but this would not explain the early differences, when the strains are similarly 
polycythemic. In addition, the hypoxia sensitivity of erythropoietin synthesis and 
release has not been examined explicitly; such a test would require generating 
the entire dose-response relationship between erythropoietin and renal venous 
oxygenation - which has not been done. Thus, in addition to the greater renal 
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venous hypoxemia of the Hilltop strain, we have not excluded the possibility that 
erythropoietin synthesis and release is also more sensitive to the hypoxic stress 
in the Hilltop rats. 

To determine whether the enhanced erythropoietic response to hypoxia in the 
Hilltop rats contributes to its enhanced cardiopulmonary response, Petit et al. 
(43) administered human recombinant erythropoietin to both strains of rats 
during hypoxic exposure. They hypothesized that if erythropoietin contributes 
to the difference, then exogenous administration of erythropoietin to the Madison 
strain should render its cardiopulmonary responses similar to those ofthe Hilltop 
strain. Instead, they showed that although hematocrit increased to the same 
polycythemic level in both strains during hypoxic exposure, the differences in 
right ventricular peak pressure and right ventricular hypertrophy persisted. In a 
subsequent experiment, Du et al. (9) demonstrated that hemodilution by 
phlebotomy to lower mean hematocrit to 46% had no effect on the severity of 
pulmonary hypertension in the 2 strains. This finding is contrary to what was 
expected based on the reduction of viscosity, but the authors calculated an 
increase in vascular hindrance (the vascular resistance to blood viscosity ratio), 
that was sufficient to counteract the decrease in viscosity. Together, these latter 
studies indicate that the hematologic differences between the strains that occur 
during hypoxic exposure do not contribute significantly to the marked hypoxia- 
induced differences in severity ofpulmonary hypertension and right ventricular 
hypertertrophy between these strains. By exclusion, these findings suggest that 
differences in pulmonary vascular responses (i.e., HPV, structural changes or 
both) are responsible for the cardiopulmonary differences. 

2.3. Pulmonary Vascular Differences 

2.3.1. Hypoxic Pulmonary Vasoconstriction 

Hypoxic pulmonary vasoconstriction (HPV) is characterized by constriction 
ofpulmonary arterioles in response primarily to alveolar hypoxia that is thought 
to be ahomeostatic mechanism to match perfusion and ventilation foroptimizing 
pulmonary gas exchange. The intensity of HPV differs between and within 
species and this variation has important effects on adaptation to high altitude. In 
their original report on the rat strain differences, Ou and Smith (41) observed a 
striking difference in the severity of pulmonary hypertension between the 
Madison and Hilltop strains as indicated by their right ventricular peak systolic 
pressures (RVPP) (74 vs. 50 mmHg in Hilltop vs. Madison, respectively, 
P<0.05). This difference has been reproduced consistently in subsequent studies 
on these rats and has been confirmed by direct measurements ofmean pulmonary 
artery pressure (75 vs. 50 mmHg in Hilltop and Madison, respectively, P<0.05) 
(9). In the earlier study, the peak systolic pressures were probably blunted by 
anesthesia, offering a likely explanation for why they were essentially the same 
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as the mean pressures measured in unanesthetized animals in the latter study. 

Surprisingly, in response to acute hypoxia, the Madison rats have more 
vigorous HPV, both in isolated lungs (31) and in intact animals (39), in contrast 
to the greater pulmonary hypertensive responses of the Hilltops to chronic 
hypoxia. Acute HPV in the Madison strain is very vigorous and is associated 
with the development of right ventricular aneurysms (39). The occurrence of 
these lesions is greater with more severe hypoxia, less with mild hypoxia, and 
reduced by administration of a calcium channel blocker, suggesting that the 
aneurysms arise from ischemic injury of the right ventricle related to the severity 
of the acute HPV. These differences in acute hypoxic vasoreactivity between the 
Madison and Hilltop strains have been replicated not only in isolated blood 
perfused lungs, but also in isolated pulmonary artery rings (44). In response to 
severe hypoxia (0% 0 2 corresponding to a vessel bath Po 2 of 10 torr), pulmonary 
arteries isolated from normoxic Madison rats contracted more that those isolated 
from Hilltop rats, indicating that the differences in vasoreactivity must be related, 
at least in part, to differences in the intrinsic properties of the vessels. 

Following the acute response, however, pulmonary artery pressures in intact 
Madison rats follow a biphasic pattern characterized by the initial severe 
vasoconstriction, followed by a marked blunting of the HPV within 24 hrs during 
which pulmonary artery pressures return to near normoxic levels (40). This is 
followed by a gradual rise in pulmonary artery pressure over the next few weeks 
of hypoxic exposure, but to a much lower level than in the Hilltops. The Hilltop 
rats have milder acute HPV, but no blunting occurs (40), and pulmonary arterial 
pressures rise progressively over the next several weeks of hypoxic exposure 
until severe pulmonary hypertension develops. A “crossover” occurs between 1 
and 3 days when the pulmonary arterial pressures in the Hilltop animals exceed 
those of the Madison rats. 

The failure to blunt HPV in the Fhlltop rats was confirmed by exposure of 
intact catheterized animals to acute normoxia. During this test, which serves as 
an assay of the component of HPV contributing to the elevation of pulmonary 
arterial pressure, the Madison rats acutely dropped their pulmonary artery 
pressures by only 2.8 mmHg, consistent with persistent blunting of FIPV, 
whereas the Hilltop rats dropped theirs by 8.6 mmHg (P<0.05 vs. Madison), 
indicating preservation of HPV (Fig. 4) (40). 

The greater acute HPV of the Madison strain that preceeds the greater 
subsequent blunting is surprising and difficult to explain. The more vigorous 
acute HPV in the Madison could predispose to more subsequent blunting of HPV 
simply by virtue of its magnitude or by some biochemical mechanism, but 
intuitively, one would hypothesize the contrary; that greater HPV would 
predispose to greater chronic hypoxic pulmonary hypertension and less HPV to 
less chronic pulmonary hypertension. This latter view is supported by findings 
in other hypoxia-adapted species (e.g., pikas and yak) that have blunted HPV and 
develop only mild altitude-induced pulmonary hypertension (8, 13) and normal 
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altitude-dwelling Tibetans, who exhibit minimal HPV while breathing a hypoxic 
gas mixture (17). More likely, the ability to blunt HPV is critical in moderating 
the response to chronic hypoxia in the Madison rats and in other species. As of 
yet, the mechanism(s) underlying HPV blunting remains unknown, but its 
identification could be important in understanding physiologic mechanisms of 
adaptation to hypoxia as well as in giving insights into possible therapies. 





Figure 4. Mean pulmonary artery pressure (PAP) values in individual rats at sea level (SL) during 
acute hypoxic (AH) exposure (10.5% Fio 2 for 10 mins) and after 24 hrs (24H) exposure to 
hypoxia (10.5% F,o 2 ). The Madisons (A) have greater acute hypoxic pressor responses and then 
blunt these responses more than the Hilltops (B) with sustained hypoxia (Modified from Ref. 40). 

2.3.2. Structural Differences 

Pulmonary vascular medial thickness differs between species under sea level 
conditions, and these differences appear to influence subsequent responses to 
hypoxia. Tucker et al. (47) found a positive correlation between the normoxic 
medial thickness of small pulmonary arteries and the sensitivity to chronic 
hypoxia. For example, pulmonary hypertension induced by chronic hypoxia is 
more severe in cattle and pigs that have greater pulmonary vascular medial 
thickness, than in dogs, sheep or guinea pigs, that have thinner pulmonary 
vascular walls (47). Similarly, muscular pulmonary arteries are very thin in 
animals such as the llama, alpaca, mountain viscacha and Tibetan snow pig that 
are indigenous to high altitudes and develop only mild hypoxic pulmonary 
hypertension (51). Further, the native Tibetan yak has successfully acclimated 
to high altitude by virtually eliminating acute HPV and by having very thin- 
walled pulmonary vessels (2, 8). The native Himalayan highlanders who have 
adapted successfully to high altitude also have thin-walled small pulmonary 
arteries with no medial hypertrophy of the muscular pulmonary arteries or 
muscularization of the arterioles (18). 

The degree of muscularization in response to chronic hypoxia also 
contributes to the variability in response to chronic hypoxia-induced pulmonary 
hypertension. The percent increase of medial wall thickness in response to 
simulated high altitude exposure was significantly less in pika rodents, which did 
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not develop pulmonary hypertension compared to rats that did (13). The Madison 
and Hilltop rats also exemplify these differences. Although the only difference 
under normoxic conditions was a greater percentage of partially muscularized 
alveolar duct vessels in the Hilltop than Madison rats, after 14 days ofhypoxia, 
the percentage of fully muscular vessels was greater in the Hilltop than Madison 
rats at both the alveolar wall and alveolar duct levels (31). Furthermore, the 
percentage increase in medial thickness of preacinar pulmonary arteries in the 
Hilltop rats was greater than in Madisons. At the intraacinar level, both alveolar 
wall and respiratory bronchiolar vessels of Hilltop rats had more medial 
hypertrophy than Madisons. Similarly, Wistar Kyoto rats that develop severe 
hypoxic pulmonary hypertension have more pronounced vascular remodeling 
than other strains that develop moderate pulmonary hypertension (1, 49). 

These structural differences have functional significance. In pressure-flow 
experiments in blood-perfused lungs isolated from the Madison and Hilltop 
strains, Hill et al. (21) demonstrated that pulmonary vascular resistance was 
greater in hypoxic Hilltop than hypoxic Madison lungs, even after papaverine 
had been added to the perfusate to eliminate the vasoconstrictive component. 
This is consistent with the idea that vascular structural differences contribute, 
along with the differences in vasoconstriction, to the greater pulmonary 
hypertension in the Hilltop strain. In additional experiments on these strain 
differences, Colice et al. (6) observed that the greater propensity to pulmonary 
hypertension in the Hilltop strain is not specific to hypoxia. The plant-derived 
pyrrole alkaloid, monocrotaline, induced more pulmonary hypertension in the 
Hilltop than in the Madison strain. Similar to the response to hypoxia, histologic 
analysis of monocrotaline-injected animals revealed a greater increase in wall 
thickness of alveolar duct and respiratory brochiole-associated pulmonary 
vessels in Hilltop than in Madison rats. These differences were not associated 
with any differences in hematocrit and although Pa0 2 was slightly less in the 
Hilltop than Madison rats, the hypoxemia was very mild and insufficient to 
explain the pulmonary hemodynamic differences. These findings are consistent 
with the idea that intrinsic properties of the pulmonary vessels rather than 
exogenous factors are responsible for differing cardiopulmonary responses 
between strains or species, affecting not only vasoreactivity, but also structural 
responses. 

2.3.3. Cellular Differences 

Histologic studies of lungs from chronically hypoxic animals have 
consistently shown medial thickening suggesting that pulmonary vascular' 
smooth muscle cells proliferate and/or hypertrophy in response to hypoxia, at 
least in vivo. In cell culture experiments, however, it has been difficult to 
consistently demonstrate proliferation in response to hypoxic exposure, although 
some studies have observed potentiation of pulmonary vascular smooth muscle 
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proliferation when hypoxia is combined with other mitogens, such as serum. 
Furthermore, populations ofpulmonary vascular smooth muscle cells have been 
identified from the same animal that have differing proliferative responses to 
mitogens, although these differences have not been attributed to strain 
differences. In preliminary observations from our laboratory, cultured pulmonary 
vascular smooth muscle cells from the Madison and Hilltop rat strains 
proliferated similarly in response to hypoxia and other stimuli, but pulmonary 
smooth muscle cells from the Madison strain were more responsive to the anti- 
proliferative effects of atrial natriuretic peptide (Arjona and Hill, unpublished 
data). This suggests that it is not only responsiveness to mitogenic stimuli, but 
also the ability to blunt responses to these stimuli that determines strain 
differences in response to hypoxia, consistent with our in vivo observations. 
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Figure 5. Contractile force of intact isolated pulmonary artery rings (A), isolated pulmonary 
arteries with the endothelium denuded (B), and isolated aortic rings (C) from sea-level Madison 
and Hilltop rats. All vessel preparations were exposed to 95%, 5%, 3% and 0% 0 2 . *P<0.05 
Madison vs Hilltop (Modified from Ref. 40). 



Differences in the structure and function of endothelium also appear to 
contribute to strain variability in the response to hypoxia. Pulmonary artery 
endothelial cells from the altitude -resistant Yak are much longer, wider, and 
rounder in appearance compared to domestic cows (hyperresponders to chronic 
hypoxia) (8). Furthermore, in studies on pulmonary artery rings isolated from the 
Madison and Hilltop strains, removal of the endothelium abolished the 
differences in hypoxia-induced contractions (44), suggesting that the strain- 
related difference in acute HPV is attributable to differences in endothelial 
function (Fig. 5). This difference was specific for pulmonary vessels; stripping 
the endothelium from the aortas had no influence on the vasorelaxant responses 
induced by hypoxia in these vessels. These findings indicate that endothelial 
cells differ morphologically between species and can contribute to differences 
in pulmonary vascular reactivity between strains, possibly by means of 
differences in mediator release. 
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2.4. Biochemical/Mediator Differences 

The differences in pulmonary vasoreactivity and vascular hypertrophy most 
likely stem from differences in the synthesis, release and/or degradation of 
vasoactive mediators and mitogens. Likely candidates include the prostaglandins, 
endothelin, nitric oxide (NO) and other endothelium-derived factors. 

2.4.1. Prostaglandins 

Prostacyclin (PGI 2 ) is a potent vasodilator prostaglandin synthesized by PGI 2 
synthase and released from endothelial cells (32). PGI 2 also has potent anti- 
mitogenic effects as well as anti-platelet actions that might be important in 
moderating pulmonary vascular responses to hypoxia. A relative reduction of 
release of PGI 2 is thought to play a role in the pathogenesis of primary 
pulmonary hypertension, as such patients have a reduction in the urinary ratio of 
pgi 2 to thromboxane metabolites. Furthermore, Tuder et al. (48) demonstrated 
that hypoxia-induced pulmonary hypertension is potentiated in mice rendered 
genetically deficient in PGI 2 synthase, indicating that PGI 2 is capable of 
regulating the severity of pulmonary hypertension. However, differences in PGI 2 
release have not been implicated, as yet, in the mechanism of strain-related 
differences in cardiopulmonary responses to hypoxia. In isolated pulmonary 
artery rings from the Madison and Hilltop rat strains, ibuprofen had no effect on 
the magnitude of acute hypoxic contractile responses (44). 

2.4.2. Endothelin-1 

Endothelin- 1 (ET-1), a potent vasoconstrictor and co-mitogen, plays a 
significant role in the pathogenesis of hypoxic pulmonary hypertension and 
pulmonary vascular remodeling. It contributes, at least in some experimental 
models, to the marked variability between strains in the severity of pulmonary 
hypertension induced by chronic hypoxia. After hypoxic exposure, ET-1 content 
in the lung and plasma of hypoxia susceptible strains of rats (Wistar- Kyoto and 
Fawn-hooded rats) is significantly greater compared to less susceptible strains 
(Fischer-344 and Sprague Dawley rats) (1, 45). Different ET-1 receptors may 
also contribute to strain differences. The ET-A receptor mediates vasoconstrictor 
actions of ET-1, whereas the ET-B receptor mediates both vasoconstrictor and 
vasodilator (by releasing NO and PGI 2 ) actions. In addition, the ET-B receptor 
serves a clearance function for ET-1. These properties of the ET-B receptor 
suggest that its deficiency or blockade could intensify the severity of pulmonary 
hypertension. Consistent with this idea, rats genetically deficient in the ET-B 
receptor develop more severe hypoxia-induced pulmonary hypertension than 
control rats with normal ET-B levels (26). 
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However, differences in the endothelin system do not explain differences in 
susceptibility to hypoxia between strains in all instances. Both under normoxic 
and chronically hypoxic conditions, the Madison and Hilltop rats have similar 
lung homogenate levels of mRNA and protein content for ET-1 and mRNA 
content of ET-1 receptors (28) suggesting that other biochemical mediators 
contribute to the variability in the response to chronic hypoxia. 

2.4.3. Nitric oxide 

NO, an endothelium-derived vasodilator substance known to be important for 
the maintenance of low vascular tone in the pulmonary vasculature, is released 
from 1-arginine by the enzymatic action of NO synthase (NOS). Two forms of 
NOS are found in the lung; endothelial NOS (eNOS), and inducible NOS 
(iNOS). Reduced expression of eNOS has been reported in lung hemogenates 
from patients with primary pulmonary hypertension undergoing lung transplant 
compared to non-pulmonary hypertensive controls (15). 
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Figure 6, A: Contractile force in pulmonary artery rings isolated from sea-level Madison and 
Hilltop rats as percent of force generated in response to phenylephrine (PE, 10' 6 M). In response 
to acetylcholine, the Madison rings relax more than the Hilltop rings. **/ > <0.01 vs. Hilltop. B: 
Western blots for eNOS and tubulin (upper panels) in lung homogenates from sea-level Madison 
and Hilltop rats. There was no significant difference in expression between the strains when the 
eNOS blots were standardized to tubulin (lower panel) (Modified from Refs. 28 and 40). 



Differences in the release of NO could contribute to the differences in 
hypoxic susceptibility by a number of mechanisms; differences in the levels of 
substrate (L-arginine), or expression or activity of eNOS or iNOS, or both, 
although these have not been established as mechanisms for strain differences. 
In the Hilltop and Madison strains, the greater responsiveness to acetylcholine 
of pulmonary arteries isolated from noimoxic Madison rats suggested that they 
might be capable of releasing more NO than normoxic Hilltop rats (Fig. 6A). 
However, pulmonary arteries isolated from the two strains had comparable 
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responsiveness to the direct stimulator of NO release, thapsigargin, and 
comparable mRNA and protein concentrations of eNOS in lungs of both 
normoxic and hypoxic animals of the two strains, suggesting that the differing 
responsiveness to acetylcholine was related to a mechanism not involving the 
release of NO (28, 29) (Fig. 6B). 

2.4.4. Endothelium-derived Hyperpolarizing Factor (EDHF) 

EDF1F has been described as the component of acetylcholine-induced 
vascular relaxation that is not blocked by antagonists of NOS, is associated with 
hyperpolarization, and is blocked by K + channel antagonists such as apamin and 
charybdotoxin (EDHF). Evidence for EDHF has been found in a number of 
vascular beds, including the mesenteric, coronary and pulmonary. In coronary 
arteries, EDHF has been identified as a product of the cytochrome 450 enzyme, 
CYP2A. In rabbits, a different cytochrome 450 enzyme, CYP4A, appears to be 
responsible for the production of EDHF, and 20-hydroxyeicosotetranoic acid has 
been identified as the likely product. We found evidence for release of more 
EDHF from pulmonary artery rings isolated from normoxic Madison than from 
Hilltop rats, based on the greater relaxation of these vessels in response to 
carbachol, an endothelium-dependent vasodilator, when compared to Hilltop rats 
(28). The NOS inhibitor, A^'nitro-L-arginine, completely blocked the relaxation 
response in Hilltop, but not in Madison pulmonary arteries. Furthermore, the 
residual relaxation in Madison arteries was entirely blocked by apamin and 
chrybdotoxin, consistent with the hypothesis that the greater relaxation was 
related to greater release of EDHF. These findings indicate that arteries from the 
2 strains have different relaxant responses, possibly related to greater release of 
EDHF, but this does not explain why the contractile responses to hypoxia are 
also greater in the Madison strain. Furthermore, although it is tempting to 
speculate that the greater blunting of pulmonary vasoconstriction during chronic 
hypoxic exposure in the Madison than Hilltop strain is related to greater release 
of EDHF in Madisons during chronic hypoxia, we could find no evidence for 
release of EDHF from isolated pulmonary arteries of either strain after exposure 
to chronic hypoxia (Hill and Karamsetty, unpublished data). 

3. Genetic Differences 

There can be little doubt that genetic differences play an important role in 
strain-related cardiopulmonary differences in response to chronic hypoxia. 
Much has been learned about how genetic alterations modulate responses to 
chronic hypoxia in many animal models, only some of which are discussed 
above. These include genetic alteration of eNOS that renders mice more 
sensitive to m il d hypoxia than wild-type mice (46), PGI 2 synthase as described 
above (48), the A receptor for the natriuretic peptides that intensifies hypoxic 
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pulmonary hypertension when disrupted (30), to name just a few. However, 
relatively few studies have identified specific genes that have been implicated in 
the differing cardiopulmonary differences between strains. 

In collaboration with the laboratory of Dr. J. Garcia at Johns Hopkins 
Medical School, we have recently performed gene arrays using Affymetrix 
technology on lung homogenates prepared from normoxic and 14 day hypoxic 
Madison and Hilltop rats. Hypoxia-induced pulmonary hypertension was 
demonstrated by elevated right ventricular pressures and by the presence ofright 
ventricular hypertrophy, as assessed by the ratio ofthe left ventricularplus septal 
weights to right ventricle (LV+S/RV). Gene array analysis was performed as 
described by Irizarry et al. (25). 



Table 2. Genes Differentially Expressed in Normoxic Hilltop Rat Lungs Compared to Madison 
Rat Lungs 



Genes 


Accession 


Log 2 


Est. 


Gene 


Upregulated 


No. 


Diff. 


Sig. 


Symbol 


CD36 antigen (collagen type I receptor, 
thrombospondin receptor) 


AF07241 1 


0.56 


16.4 


Cd36 


CD36 antigen (collagen type I receptor, 
thrombospondin receptor) 


AF07241 1 


0.53 


17.1 


Cd36 


RT1 class lb gene 


M3 1038 


1.18 


18.8 


RTlAw2 


Rat mRNA for MHC class II antigen RT1.B- 
1 beta-chain 


X56596 


0.66 


3 




CD36 antigen (collagen type I receptor, 
thrombospondin receptor) 


AA799326 


0.62 


8.7 


Cd36 


Secreted acidic cystein-rich glycoprotein 
(osteonectin) 


AA891204 


0.49 


23.5 


Sparc 


CD36 antigen (collagen type 1 receptor, 
thrombospondin receptor) 

Downregulated 


AA925752 


0.62 


11.5 


Cd36 


Rat mRNA for eosinophil cationic protein, 
complete cds 


D88586 


-0.61 


-10.4 




aldehyde dehydrogenase family 1, subfamily 
A4 


M23995 


-0.59 


-9.2 


Aldhla4 


R.norvegicus zymogen granule membrane 
protein GP-2 mRNA, complete cds 


M58716 


-0.65 


-7.1 




Rattus norvegicus MHC class II antigen 
RT1 .B beta chain mRNA, partial cds 


U65217 


-0.95 


-6.3 




glutathione S-transferase, theta 2 


AI 138 143 


-0.89 


-9.8 


Gstt2 



A ll changes in gene expression are significant. Minus symbol ( -) indicates genes whose expression 
is less in Hilltop than in Madison rats. Log2 difference of 1 is equivalent of 2-fold change. 
Estimated significance represents the statistically likelihood that it is a real difference. 



We found a number of genes with different levels of expression in 
normoxic lungs from the 2 strains (Table 2). In addition, hypoxia for 2 weeks 
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altered the expression of some genes in both strains (Table 3) and induced 
differences in gene expression between the strains (Table 4). Although the gene 
array findings are semiquantitative , we can generate hypotheses regarding the 
spectrum of factors that may be involved in vasoconstriction and cell 
proliferation ofpulmonary arteries induced by hypoxia. For example, we found 
that 12-lipoxygenase gene expression is increased in the lungs of hypoxic rats of 
both strains (unpublished data), although a definite causal role in the 
development of hypoxic pulmonary hypertension remains to be proven. On the 
other hand, expression of a whole array of genes encoding factors already known 
to be involved in pulmonary hypertension, such as HIF-1 or erg-1, did not 
increase with hypoxia, or between strains, suggesting that these proteins are 
modified post-translationally. 

Table 3. Genes Altered by Hypoxia in the Lungs of Madison and Hilltop Rats 



Genes 


Accession 


Log 2 


Est. 


Gene 


Upregulated 


No.. 


Dif. 


Sig. 


Symbol 


Rgc32 protein 


AF036548 


0.54 


13.5 


Rgc32 


serum/glucocorticoid regulated kinase 


L01624 


0.54 


12.9 


Sgk 


arachidonate 12-lipoxygenase 


L06040 


0.81 


10.3 


Aloxl2 


Rattus norvegicus mRNA Best5 protein 


Y07704 


0.68 


15.1 




Rat mRNA for alpha-2u globulin-related 
protein 


AA946503 


0.71 


16.2 




S-Adenosylmethionine decarboxylase 1 A 


AI008131 


0.59 


11.5 


Amdla 


Hemoglobin, alpha 1 
Downregulated 


All 78971 


0.7 


22.3 


Hbal 


Rat anti-acetylcholine receptor antibody 
gene, rearranged Ig gamma-2a chain, VDJC 
region, complete cds 


L22654 


-0.75 


-14.4 




Rattus norvegicus rearranged IgG-2b gene, 
last 4 exons 


M28671 


-0.67 


-8.8 





All changes in gene expression are significant by the methods used. Minus symbol (-) indicates 
genes whose expression is less in hypoxia than in normoxia in both strains. 



We have also performed preliminary intercross and backcross breeding 
experiments to determine whether the trait predisposing to severe pulmonary 
hypertension was heritable. We found that FI generation rats from intercross 
breeding regardless of gender had RV/LV+S ratios that were similar to those of 
Madison rats, but backcrosses of the FI intercross rats bred with Flilltops once 
again manifested severe elevations in the ratio. These findings are consistent 
with the idea that the severe chronic hypoxic pulmonary hypertension developed 
by the Hilltop rats is an autosomal recessive trait. 
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Table 4. Genes Differentially Altered by Hypoxia in Hilltop and Madison Rat Lungs 



Genes 


Accession 


Log 2 


Est. 


Gene 


Upregulated 


No. 


Diff. 


Sig. 


Symbol 


Arachidonate 12-lipoxygenase 


L06040 


0.3 


3.8 


Aloxl2 


SI 00 calcium-binding protein A9 
(calgranulin B) 


LI 8948 


0.35 


4.86 


S100a9 


Rattus norvegicus mRNA Best5 protein 


Y07704 


0.3 


6.8 




Solute carrier family 4, member 1, anion 
exchange protein 1 (kidney band 3) 


AA866414 


0.31 


4 


Slc4al 


Rat mRNA for alpha-2u globulin-related 
protein 


AA946503 


0.37 


8.3 




SI 00 calcium-binding protein A8 
(calgranulin A) 

Downregulated 


AA957003 


0.24 


2.6 


S100a8 


Uncoupling protein 


X03894 


-0.33 


-7.9 


Ucpl 


Actin, alpha, cardiac 


AA866452 


-0.31 


-10.4 


Actcl 


Actin, alpha, cardiac 


All 04567 


-0.32 


-7.9 


Actcl 


Adipocyte lipid-binding protein 


A1169612 


-0.31 


-5.1 


LOC843 

78 



All changes in gene expression are significant by the methods used. Minus symbol (-) indicates 
genes whose expression is less in Hilltop than in Madison. 



4. Conclusion 

Differences in the severity of hypoxia-induced pulmonary hypertension 
between species and strains have long been known, based on the work of high 
altitude physiologists on species adapted to high altitude. The mechanisms 
responsible for these differences are of interest not only to physiologists, but also 
to clinicians, because understanding them could lead to valuable insights into the 
regulation of vascular tone as well as to potential therapies for pulmonary 
hypertension. One of the most studied models has been the Madison and Hilltop 
strains of Sprague Dawley rat that have markedly different cardiopulmonary 
responses to both acute and chronic hypoxia. These differences are heritable and 
associated with differences in vascular reactivity. Notably, the strains exhibit a 
dissociation between the intensities of acute and chronic hypoxic pulmonary 
hypertension. The Madison rats have a more intense acute vasoconstrictor 
response than the Hilltops, but then promptly blunt the response so that the 
severity of chronic hypoxic pulmonary hypertension is considerably less than in 
the Hilltops that fail to blunt. The biochemical/cellular mechanisms underlying 
this interesting phenomenon have not been elucidated. Although the strains also 
have differing polycythemic responses that parallel the cardiopulmonary 
differences, these hematologic differences do not appeal - to be contributing to the 
cardiopulmonary differences. Pulmonary artery rings isolated from the 2 strains 
retain the differences in reactivity to acute hypoxic exposure, and stripping the 
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endothelium eliminates the difference, suggesting that an endothelium-derived 
mediator is at least partly responsible for the differences. Endothelin 1 appears 
to contribute to strain differences in some cases, such as those observed between 
the Wistar-Kyoto and Fisher 344 rat strains, but not in the Madison and Hilltop 
rats. There is evidence for EDHF release in pulmonary arteries isolated from 
normoxic Madisons but not Hilltops. However, the reasons for the enhanced 
susceptibility to chronic hypoxia remain unclear. Genetic approaches including 
cross-breeding and gene array experiments may yield additional insights, but as 
yet, the fundamental mechanisms responsible for enhancement of cardio- 
pulmonary responses to hypoxia remain largely unknown. 
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1. Introduction 

To better understand hypoxic pulmonary vasoconstriction (HPV), the 
response can be conceptualized as having four parts: sensor, mediator, effector, 
and modulator. At the most integrated level, studies in whole animals or humans 
have characterized the nature of the response. These studies have shown that 
hypoxia causes a brisk increase in the trans-pulmonary vascular gradient and a 
lesser increase in cardiac output. Thus, HPV results in a rapid increase in 
pulmonary vascular resistance (PVR ). However, discerning the mechanisms is 
impossible in the intact system. Better understanding of the sensor, mediator, 
effector, and modulators of HPV has been achieved from studies using various 
reductionist models. Studies of pulmonary vascular physiology and patho- 
physiology have thus moved from intact animals and whole lungs to isolated 
vessels, cultured cells, sub-cellular preparations, and transgenic a ni mals. This 
chapter discusses how various in vivo and in vitro models that have been and 
continue to be developed contribute to the current understanding of HPV. 
Although space precludes detailed discussion of mechanisms and the content 
may reflect the authors' biases, every attempt has been made to address the 
limitations as well as the contributions of each model. 

2. Isolated Lungs 

Pulmonary vascular responses in intact animals are generally assessed by 
measuring changes in PVR. However, potentially confounding systemic, 
neurohumoral, and cardiorespiratory influences can make it difficult to interpret 
the changes. These difficulties can be circumvented by using isolated lung or 
lobe preparations in which vasoactive stimuli can be applied without concern for 
their systemic effects, and the resistive properties of the vasculature can be 
measured throughout a wide range of flow rates and left atrial pressures. 
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The effort to understand HPV is considered to have begun with von Euler 
and Liljestrand’s study in isolated cat lungs (57). Since then, HPV has been 
described in most animals including the dog, rat, rabbit, cow, pig, sheep, and 
ferret as well as more exotic animals such as the coati rnundi. Studies in isolated 
lungs showed that the hypoxic response resembled that in the intact animal; it 
developed rapidly without pre-stimulation or adrenergic innervation, and was 
sustained (13). In addition, responses were similar whether the lung was perfused 
with blood or physiological saline solution, although, in some species, the 
magnitude was somewhat less with physiological saline solution as the perfusate 
(17). In the whole animal with a cardiac output of 200-400 ml/min, HPV was 
less than in isolated lungs perfused at 50-100 ml/kg/min and with pulsatile rather 
than steady flow (16). 

A pivotal finding derived from the isolated lung model was that the hypoxic 
response differed among species. Peake et al. (41) determined the steady state 
relationship between P0 2 and the amplitude of the hypoxic response in the cat, 
dog, rabbit, ferret, and pig. In the isolated pig lung, vasomotor tone gradually 
increased as Po 2 was reduced from 200 to 50 Torr. Below 50 Torr, tone 
decreased. Cat and rabbit lungs also exhibited graded responses, peaking at a P0 2 
of 25 Torr. Interestingly, although the ferret showed a maximum increase in 
pulmonary arterial pressure comparable to that of the pig, the response was not 
graded but occurred abruptly at P0 2 's between 50 and 25 Torr. In pig, ferret, cat 
and rabbit lungs, hypoxic vasodilation occurred after the peak constrictor 
response. This too differed among the species, occurring at P0 2 less than 50 Torr 
in the pig and 25 Torr in the cat, rabbit, and ferret. 

2.1. The Location of the Sensor and Possible Mediators 

In 1968, Bergofsky et al. (9) performed an elegant study to identify the 
location of the sensor of hypoxia. They found that alveolar hypoxia was a more 
potent stimulus than pulmonary arterial hypoxemia and venous hypoxemia was 
an even weaker stimulus. Thus, the sensor of hypoxia appeared to lie within the 
vessels or perivascular tissues closest to gas-exchanging alveoli or alveolar ducts. 

As it became evident that HPV was not mediated by the autonomic nervous 
system, the search began for possible chemical mediator(s). To qualify as 
mediators, these substances would be synthesized or released within the lungs 
during hypoxia and exert their effects upon the vascular smooth muscle. 
Catecholamines, histamine, angiotensin, serotonin, and bradykinin were 
eventually shown not to be viable candidates (13). Thromboxane (56) and 
leukotrienes (27) were also shown not to be mediators, but, as discussed later, 
arachidonic acid metabolites from the cyclooxygenase, lipoxygenase and 
cytochrome P-450 pathways appear to have modulator roles in HPV (1). Studies 
in whole lungs as well as intact animals found that although inhibiting 
prostacyclin synthesis increased HPV, it failed to mimic it (7). 
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Other investigators postulated that hypoxia acted directly on vascular smooth 
muscle to cause vasoconstriction through changes in Ca 2+ and/or K + since HPV 
was reduced and abolished by low K + (19) and Ca 2+ channel blockers (35), 
respectively. With respect to Ca 2+ , it is now recognized that, rather than being a 
mediator, intracellular Ca 2+ release, extracellular Ca 2+ influx, and changes in Ca 2+ 
sensitivity are part of the final common pathway for contraction to hypoxia as 
well as other stimuli. In isolated rat lungs applying K + channel antagonists 
mimicked HPV (43) supporting a role for K + channels as possible mediators. 
Changes in intracellular K + due to opening and/or closing ofthe various types of 
K + channels appeared to mediate the release of intracellular Ca 2+ as well as its 
influx from extracellular fluid. 

Studies in isolated lung showing that both hypoxia and inhibitors of the 
mitochondrial electron transport chain had si mi lar effects on the pulmonary 
vasculature led to the proposal of the redox theory of HPV (5). According to this 
theory, hypoxia altered the redox status of the pulmonary vasculature and 
resulted in an accumulation of electron donors from the Krebs cycle, decreased 
production of activated 0 2 species, and K + channel inhibition. Investigations into 
the roles of K + channels, the regulation of cellular Ca 2+ , and changes in redox 
status have been better conducted at the vessel and cellular level and have lead 
to additional theories about the exact mechanism. 

2.2. The Vessel as the Effector 

Almost from the beginning, it was generally agreed that the site of the 
hypoxic response was in the pulmonary vasculature, but it was not clear whether 
the site was pre-capillary, capillary or post-capillary. It was also not clear 
whether the increase in vascular resistance was due to inspired or to blood P0 2 , 
and if the hypoxic stimulus acted upon the vascular wall directly or indirectly 
through effects on intrapulmonary perivascular elastic structures. A series of 
studies in isolated lungs (33, 34) suggested that HPV resulted from alveolar 
hypoxia acting upon pre-capillary pulmonary arteries. With the advent of X-ray 
angiography it was possible to demonstrate that cat (53) and dog (2) pulmonary 
arteries between 30 and 800 pm diameter narrowed during hypoxia. Structure- 
function studies also correlated the magnitude of the hypoxic vasoconstrictor 
response with the amount of muscle present in small arteries (36). 

Although the majority of evidence suggests that HPV is a function of small 
muscular resistance pulmonary arteries, other studies have shown a potential role 
for veins in the response. In lambs, measurements of lung water showed an 
increase in fluid filtration (10). In newborn pigs, micropuncture techniques 
revealed that pressure increased markedly in small venules during hypoxia (11). 
A similar venous component to the hypoxic response was also reported in 3-5 
week old ferrets (46). In contrast, in newborn rabbits, HPV was limited to small 
diameter arteries (12). In addition to complicating the question ofthe identity of 
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the effector, these findings also raise issues of how developmental age and 
species may affect HPV. 

2.3. Potential Modulators 

Previously proposed mediators of HPV such as the autonomic nervous 
system, histamine, bradykinin, serotonin, arachidonic acid metabolites, and nitric 
oxide (NO), have now been shown to have significant roles as modulators. As 
a case in point, it is now well documented that HPV can be accentuated by 
inhibiting cyclooxygenase. This is particularly evident in the isolated dog lung, 
which has no significant response to hypoxia unless aspirin, which inhibits the 
synthesis ofdilatorprostaglandins, is administered to the dog before study. After 
aspirin treatment, the dog lung shows a vigorous HPV (2). 

One of the earliest proposed modulators of HPV was pH when it was shown 
that acidosis augmented and alkalosis attenuated preexisting HPV. The finding 
that extracellular alkalosis attenuated HPV (26) was verified in numerous 
preparations and became a common treatment for neonatal and pediatric 
pulmonary hypertension. A study in isolated rat lungs (45), however, showed 
that intracellular alkalization with weak bases actually potentiated HPV and 
amiloride and acetate which decreased intracellular pH (pHi), decreased HPV. 
Later, Gordon et al. (14) showed differing effects of acute and prolonged 
alkalosis on HPV in isolated lamb lungs. Acute hypocarbia decreased the 
hypoxia-induced elevation of the total pressure gradient and subsequent 
normoxia with alkalosis decreased it still further. However, re-exposure to 
hypoxia after 1 hi - ofnormoxic alkalosis significantly increased the total pressure 
gradient to a level similar to that seen during normocarbic hypoxia. The 
increased hypoxic reactivity during prolonged alkalosis was due to an enhanced 
HPV of the small arteries. It appeared that increasing or decreasing pH during 
hypoxic constriction modulated the response by release of other factors that 
resulted in dilation of an artery constricted by hypoxia. 

It should be noted that identifying and studying the exact contribution of a 
single purported modulator is difficult since there appears to be a great deal of 
redundancy among all the modulators. Also, some modulators are inhibitory, 
e.g., prostacyclin and NO, while others, e.g., endothelin (ET), appear to be 
permissive. Thus, interpreting the data from studies in which modulators are 
individually inhibited can be difficult. 

2.4. Limitations of the Isolated Lung Model 

Even though studies in isolated lungs suggested, and X-ray angiography 
verified that HPV was a function of the pulmonary arteries, the arteries 
themselves were inaccessible. Thus the next logical model was the isolated 
pulmonary artery. Confounding effects of other lung tissues were eliminated and. 
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rather than just a single study as in an isolated lung, multiple arteries of various 
sizes could be isolated and studied. 

3. Isolated Pulmonary Arteries 

Studies in the isolated artery helped define whether small and/or large 
arteries were responsible for HPV and whether vascular smooth muscle and/or 
endothelial cells were the effectors. However, as will become evident below, 
distinctions between sensor, mediator, effector, and even modulator, tend to 
become somewhat blurred in the isolated artery. 

For a number of years, progress in the study of isolated pulmonary arteries 
was hampered due to a lack of consistency of the hypoxic response in the 
particular vessels studied. While prior studies in intact animals and in isolated 
lungs had established that HPV was most probably located in the small diameter 
arteries, the technology was not available to study in vitro arteries less than ~ 1 
mm in diameter. With the development of such technology, Madden et al.(30) 
showed that cat pulmonary arterial rings less than 300 pm in diameter had a 
consistent, reproducible hypoxic constrictor response whereas rings greater than 
500 pm diameter never developed more than a small amount of force. In this and 
in an earlier study by Lloyd (25) in rabbit isolated artery strips, the contractile 
response to hypoxia was graded; with the rabbit arteries beginning to contract at 
a P0 2 of 200 Torr, the cat between 350 and 300 Torr, and both peaking at Po 2 's 
between 50 and 30 Torr. The similarity of the hypoxic response in the isolated 
cat pulmonary arteries to that in isolated lungs from other species (41) suggested 
that the isolated, small diameter pulmonary artery was a useful model in which 
to investigate mechanisms of HPV. As in the isolated lung, there have been 
reports of HPV in isolated veins (58) although it is generally believed that their 
contribution to the overall response is minor compared to the arteries. 

The possibility that the vascular endothelium was responsible for HPV 
through release of a contracting factor was proposed by Holden and McCall (20) 
who showed that removing the endothelium effectively eliminated HPV in pig 
main pulmonary artery. Later studies in isolated arteries showed that while the 
endothelium was not required for HPV, its full expression did seem to require a 
basal release of ET-1 (24) and/or another endothelium-derived contracting factor. 
Thus, the endothelium rather than being the effector, was more likely a source 
of modulators. An interesting sidelight of the investigation into the role of the 
endothelium in HPV has come from studies in isolated rat pulmonary arteries. 
These arteries exhibit a biphasic response to hypoxia (8). The initial contraction 
to hypoxia (phase 1 ) is followed by a relaxation and, if hypoxia is maintained, 
the artery contracts again (phase 2). Whether phase 1 or phase 2 is endothelium- 
dependent has been the subject of some debate but current consensus favors 
phase 2 (also see Chapter 12). 
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3.1. Possible Mediators 

Initial studies in cat isolated pulmonary arteries (18, 30) showed that HPV 
was accompanied by membrane depolarization and action potential generation; 
both were blocked by verapamil. These data substantiated the earlier studies in 
isolated lung that at least part of the mechanism involved increased Ca 2+ 
conductance. In isolated rat pulmonary artery rings, various K + channel 
antagonists mimicked HPV (43). While it was initially believed that Ca 2+ - 
activated K + (K Ca ) channels were responsible, later studies suggest that voltage- 
gated K + (K v ) channels had a more dominant role in HPV (3). Whether K + 
channel inhibition plays a role in vivo has not been confirmed. To state that K + 
channels are the sensors or mediators ofHPV is difficult because it can be argued 
that the channels, or at least their subunits may be capable ofboth functions. For 
example, a K + channel subunit may sense a change in 0 2 tension and change its 
conformation to close or open the channel. This would mediate changes in 
membrane potential and consequently intracellular Ca 2+ , and culminate in 
contraction or relaxation. Whether this effect is direct or it is mediated through 
a change in the redox status of the cell is unknown. 

3.2. Modulators 

As mentioned earlier, the endothelium appeal's to be a rich source of 
modulators for HPV. Studies in isolated vessels showed decreased prostacyclin 
(50) and NO (51) synthesis during hypoxia and inhibiting prostacyclin synthesis 
augmented HPV (30). Now it is generally accepted that NO, arachidonic acid 
metabolites from the cyclooxygenase, lipoxygenase and cytochrome P-450 
pathways along with ET and/or endothelium-derived contracting factor(s) are 
vital to the full expression ofHPV (1). 

Perivascular tissue has been proposed as another possible modulator ofHPV. 
In an early study of 1-3 mm diameter pulmonary artery ships from rabbits, Lloyd 
(25) did not see a contraction to hypoxia unless the strips were surrounded by 
perivascular tissue. This suggested that HPV could not occur without the release 
of a hypoxia-sensitive factor from the perivascular tissue. Alternatively, the 
strips may not have contracted because they were from large diameter vessels. 
Also, small diameter arteries located within the perivascular tissue may have 
themselves contracted to hypoxia and “pulled” the strip along. It should be noted 
that pulmonary arteries are embedded within the lung parenchyma, and extensive 
dissection of adventitia from the arteries during isolation may disrupt their 
physical and functional integrity and thereby alter their response. 

The issue of modulator redundancy is also of concern in isolated artery 
studies. For example, acetylcholine or bradykinin relaxation was still evident in 
preconstricted isolated pulmonary arteries from lambs, ifonly NO or arachidonic 
acid was inhibited (38). Elimination of the relaxation response required the 




551 



simultaneous inhibition of NO and arachidonic acid. Thus, results of studies in 
which only one modulator is studied should be interpreted with caution. 

3.3. Limitations of the Isolated Artery Model 

Studies in the isolated lung had led to the development of many hypotheses 
about the mechanism of HPV. Studies in isolated arteries often proved these 
prior hypotheses as well as validated previous findings. However, correlation of 
findings between the two models is not always perfect and thus extrapolation of 
findings from the reduced preparation to a more complete system should be done 
with caution. For example, in contrast to the whole animal and isolated lung 
model, in isolated vessel preparations HPV often requires pre-stimulation with 
other pressor agents, is slow to develop, is transient, and may be biphasic. In 
addition, the decreased NO and prostacyclin production in hypoxic isolated 
arteries would seem to suggest that HPV occurred because of their decreased 
synthesis. However, as noted earlier, NO or prostacyclin inhibition failed to 
mimic HPV in whole lungs or intact animals. 

These reports of discordant responses to hypoxia between more and less 
reductionist preparations suggest that the transition from in-situ vessels within 
the whole lung to isolated vessels is a major juncture in the deconstruction of the 
lung. This may reflect the choice of artery studied in isolated vessel preparations. 
Arteries between 0.5 and 3 mm diameter are commonly used in vascular ring 
preparations. Cannulated vessels are generally >200 pm. In contrast, the small 
arteries that appear to contribute most to in-vivo pulmonary vasoconstriction 
appear to have diameters less than 100-150 pm, although, both in vitro and in 
vivo, HPV has been demonstrated in arteries >150 pm (2, 30). Finally, there is 
considerable morphologic, biochemical, and molecular biological evidence that 
there are significant differences in endothelial and vascular smooth muscle 
structure and function between large and small vessels. 

On the other hand, discordant hypoxic vascular responses between whole 
lungs and current isolated vessels may be unrelated to the choice of vessel size 
or type but rather to loss of the normal environment of the in-situ vessel. For 
example, loss of perivascular tissue (adventitia, lung parenchyma, and small 
airways) may be critical. The adventitia performs several metabolic functions 
and is the repository of neural endings and fibroblasts. NO from fibroblasts and 
superoxide ion from adventitial NADPH may play a role in regulating vasomotor 
tone. As discussed earlier, lung parenchyma is essential for HPV in some isolated 
vessels (25). Given the close contact and multiple signaling pathways between 
vascular, parenchymal, and airway cell types, it could be argued that signaling 
from these perivascular tissues contributes in some manner to the mechanisms 
underlying in-vivo pulmonary vascular responses. 

Changes in flow may contribute to discordance in hypoxic responses between 
lung and isolated vessels. Isolated vascular rings are studied under no-flow 
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conditions and many cannulated vessel preparations, although pressurized with 
intra-luminal perfusate, are not perfused. Whole lungs are typically studied under 
conditions of constant flow or constant pressure. Simply increasing vascular 
pressure in an isolated vessel may induce a myogenic response leading to 
constriction (29). Myogenic responses may also occur in vivo (54); but generally, 
the combination of increased flow and pressure in intact lungs increases shear 
stress which stimulates synthesis of endothelium-derived vasodilators such as 
NO and prostacyclin and activates vascular smooth muscle K + channels, resulting 
in vasodilation. On the other hand, perfusing cannulated vessels may increase 
synthesis of vasoconstrictor modulators such as ET (52). Thus, it could be argued 
that differences in baseline pressor and dilator modulator activity under 
conditions of flow and no-flow contribute to the mechanisms underlying in-vivo 
pulmonary vascular responses. 

Remote vascular responses to local stimuli have been described in the 
pulmonary vasculature (54). This suggests that inter- vessel communication may 
also lead to discordance between whole lungs and isolated vessels. Several 
mechanisms may be involved. Myogenic responses may occur as a direct result 
of pressure trans mi ssion between vascular beds. Neural communication may 
occur via the rich adrenergic innervation ofthe pulmonary vasculature, although 
adrenergic blockade appears to have little effect on pulmonary vascular 
responses. Cell-to-cell communication of depolarizing impulses to neighboring 
areas of the pulmonary vasculature have also been described (48). The 
predominantly paracrine nature of most potent endothelium-derived modulators 
(e.g., prostacyclin, NO) make it unlikely that blood borne transmission plays a 
major role in communication between pulmonary vessels. 

4. Cellular and Subcellular Models 

Confirmation that the smooth muscle cell was the effector of HPV and most 
probably had within it the sensor and the mediator(s) required that the 
phenomenon actually be studied in isolated cells. Cell isolation and culture 
techniques permitted further deconstruction ofthe pulmonary vasculature to its 
cellular and sub-cellular components. 

Smooth muscle cells isolated from fetal calf main pulmonary artery and 
grown on a silastic membrane showed increased wrinkling, indicative of 
increased tension when exposed to hypoxia (37). In contrast, the hypoxic 
response of non-dedifferentiated cat pulmonary artery smooth muscle cells 
depended on the diameter ofthe artery from which the cells were derived (31). 
Cells from small arteries grown on cover slips contracted whereas cells from 
larger vessels did not. Cell shortening was accompanied by myosin light chain 
phosphorylation (31). That the cells were representative of their particular 
circulation was indicated by the contractile responses of both large and small 
pulmonary artery smooth muscle cells to other agonists. Not only did these 
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studies establish the utility of the smooth muscle cell as a model for studying 
HPV, they further verified that the smooth muscle cell responded directly to 
hypoxia and that it was responsible for the contraction. 

4.1. Sensors, Mediators and Modulators 

Subsequent studies in cat small pulmonary artery smooth muscle cells, 
showed that intracellular Ca 2+ increased during hypoxia but decreased in cells 
from large pulmonary and cerebral arteries (55). The Ca 2+ increase was due to 
Ca 2+ release from ryanodine-sensitive intracellular stores and Ca 2+ influx from 
the extracellular fluid. 

Patch-clamping and immunofluorescent microscopy combined with ever 
more selective pharmacologic agents further elucidated the roles of Ca 2+ , K + , and 
other ions in regulating vascular tone. Closely linked to the study of changes in 
cellular Ca 2+ during hypoxia were studies of the role of K + channels, particularly 
the K v channels (4). However, it is still not certain whether hypoxia directly 
inhibits K v channels, and the resulting depolarization leads to increased 
intracellular Ca 2+ , or if K v channel inhibition is secondary to Ca 2+ release from 
the sarcoplasmic reticulum (42). The presence of distinct subpopulations of 
pulmonary artery myocytes each with distinct distributions of K + channels lends 
further intrigue to the isolated cell story (6). Recently, it has been shown that like 
the graded contractile response to hypoxia in lungs and arteries, pulmonary 
artery smooth muscle cells show a graded response of K + current, membrane 
potential and intracellular Ca 2+ (39). 

With the ability to study mechanisms at the cellular and subcellular level, 
investigations into the redox theory of HPV have burgeoned and may offer the 
best chance yet to identify the elusive 0 2 sensor (49). Most theories suggest that 
reactive oxygen species (ROS) such as H 2 0 2 and superoxide are involved. K v 
channels, ADP-ribosyl cyclase, and cyclic ADP-ribose hydrolase, the 
mitochondria or more specifically, the electron transport chain, have all been 
no mi nated as candidates for the sensor. Whether ROS species increase or 
decrease during hypoxia is controversial. Different preparations (tissue versus 
cell) and limitations of current detection methods may affect the validity and/or 
the interpretation of the results and lead to discrepant reports. 

The role ofpH as modulator of HPV was discussed earlier but the possibility 
that pH; might also mediate HPV is suggested by studies in isolated arteries and 
cells. During hypoxia, pH ; increased in small pulmonary artery cells but 
decreased in large pulmonary artery cells. These changes were not dependent 
upon the pH s before hypoxia (28). In large diameter pig pulmonary arteries, pH; 
also decreased during hypoxia (23). In HC0 3 " -containing solutions, pulmonary 
artery smooth muscle cells from cats and guinea pigs showed evidence for the 
major ion exchangers, Na + /H + andthe Na + dependent and independent C1'/HC0 3 " 
ion transporters. In the catthe C17 HC0 3 exchanger appeared to be more active 
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in regulating pH;, but in the guinea pig the Na + /H + exchanger appeared to play 
more of a role (44). These differences further underscore the idea that different 
species may have different elaborations upon the same mechanism. 

5. Transgenic Animal Models 

Mice and rats in which specific genes are either under or overexpressed are 
increasingly being used to study mechanisms of HPV. For example, HPV is 
impaired in mice lacking certain K v channels (3) and increased in rats lacking the 
ET b receptor (21). Genetically altered animals would thus appeal - to offer the best 
of all worlds, a particular mechanism can be eliminated or elaborated and the 
result can be studied in the whole animal, its organs, its tissues, and its cells. 
However, it should be noted that introducing new DNA sequences into an animal 
might also affect the endogenous activities of other genes. Thus, interpreting data 
collected from a transgenic animal requires consideration of the complexity of 
the mammalian organ system. 

6. Non-mammalian Models 

The effort to determine the mechanisms responsible for HPV has obviously 
been concentrated in species that have lungs. However, there is evidence that 
hypoxic vasoconstriction was present in early vertebrate evolution. Using more 
primitive vertebrate species offers intriguing new possibilities for studying both 
phylogeny and fundamental mechanisms of the hypoxic response. 

Video microscopy of arterioles and veins in frog skin has shown a dose- 
dependent hypoxic contraction in arterioles but not in veins (32). Unlike 
mammalian pulmonary arteries, the magnitude ofthe contraction does not appear 
to be associated with artery size. However, like mammalian arteries, hypoxic 
vasoconstriction was blocked by nifedipine and augmented by BAY K 8664. In 
hagfish and lamprey eel, among the most primitive of vertebrates known as the 
cyclostomes, the dorsal aorta exhibits hypoxic vasoconstriction (40). The 
response is dose-dependent, reproducible, sustainable, and does not require 
preconditioning. Neither removing the endothelium nor inhibiting the 
arachidonic acid pathway or the adrenergic, muscarinic, nicotinic, purinergic, or 
serotonergic receptors affected the response. However, Ca 2+ did appear to have 
a fundamental role (48). During hypoxia intracellular Ca 2+ increased in the dorsal 
aorta ofboth species. There was evidence that multiple receptor types mediated 
the intracellular Ca 2+ release. Extracellular Ca 2+ did not contribute to hypoxic 
vasoconstriction in lamprey dorsal aorta but accounted for over a third of the 
response in hagfish, although L-type Ca 2+ channels did not appeal - to be involved. 
Removing extracellular Na + caused constriction in both species. However, after 
a hypoxic constriction only lamprey dorsal aorta was able to relax upon return 
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to normoxia in the absence of extracellular Na + . Removing both Na + and Ca 2+ 
inhibited this relaxation. These studies suggest that Na + /Ca 2+ exchange has a role 
during hypoxic vasoconstriction in the hagfish but not in the lamprey. 

7. A Case Study in Discrepancies 

As a final note to this chapter, it is fitting to show how studying the same 
process in different models can lead to different results and different conclusions. 
In piglet pulmonary artery and vein rings inhibiting NO synthase completely 
blocked alkalosis-induced relaxation. However, in isolated piglet lungs, NO 
synthase inhibition had no effect on the vasodilation. In an effort to determine 
which factors contributed to this discordance the contribution of pressor stimuli, 
(hypoxia versus the thromboxane mimetic U46619), perfusate composition, 
(blood versus physiological saline solution), and flow were assessed (15). Effects 
of NO synthase inhibition on the alkalosis-induced vasodilation were compared 
in intact piglets, and in 150-350 pm cannulated arteries and by angiography of 
150-900 pm in situ arteries. Neither pressor stimulus, perfusate composition nor 
flow affected the results, i.e., NO synthase inhibition fully abolished alkalosis- 
induced vasodilation in the cannulated arteries but failed to do so in the isolated 
lungs. These data indicated that other factors such as perivascular tissue 
(adventitia and parenchyma) and remote signalling pathways may contribute to 
the discordant responses. Regardless ofthe mechanism involved in the response 
to alkalosis, this study illustrates the limitations of applying conclusions derived 
from a reductionist model to the whole animal. 

8. Summary 

Is there or will there ever be a best model in which to study HPV? Probably, 
not. The use of reductionist approaches to identify mechanisms underlying 
pulmonary vasomotor tone has been something of a double-edged sword. Studies 
of isolated vessels or cultured cells have elucidated cellular mechanisms 
controlling synthesis or inhibition of potentially important modulators and 
mediators. On the other hand, many of these appear to play little role in vivo. 
Discordant responses to hypoxia between more and less reductionist preparations 
suggest that deconstructing the lung may interrupt signaling, metabolic, and 
mechanical pathways critical to integrated in vivo hypoxic responses. 
Development of reductionist preparations that retain mechanisms underlying in 
vivo responses is imperative for complete understanding of HPV and the ultimate 
application of findings to the clinical situation. Ultimately, however, whatever 
model is studied, the knowledge derived from it will further our understanding 
of HPV, and also fundamental mechanisms inherent to the entire vasculature. 
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1. Introduction 

Pulmonary hypertension, characterized by elevated pulmonary blood 
pressure, pulmonary vascular remodeling, and right ventricular - hypertrophy, is 
a common complication of chronic lung disease and heart failure. Although the 
pathogenesis of pulmonary hypertension remains poorly understood, hypoxia has 
been suggested to be one of the critical factors causing pulmonary hypertension 
and aggravating pathophysiological conditions. In vitro studies in various cell- 
culture systems have identified many candidate genes, proteins, and cellular 
metabolic pathways that may be involved the pathogenesis of hypoxic 
pulmonary hypertension. However, only recently have transgenic and gene- 
targeted mouse models been developed to study the roles of these genes, 
proteins, and metabolic pathways in pathogenesis or protection of hypoxic 
pulmonary hypertension. 

2. Generation of Transgenic Mice 

2.1. Application of Transgenic Mouse Technology 

Transgenic mice are widely used in biomedical research, and numerous 
applications have been developed, including those used in hypoxic pulmonary 
hypertension (5, 6, 19, 29). There are two common uses of transgenic mice in 
biomedical research. The first is to study the phenotypic effects of transgene 
expression in the intact animal. In this case, previously defined promoters are 
often used to control the expression of the transgene in the desired tissue. The 
second is to study the control of gene expression in the intact animal. For this 
purpose, potential control sequence elements (promoter regions) are used to 
define the specific patterns of the transgene expression in various tissues. 
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For applications involving the phenotypic effects of transgene expression, 
transgenic mice expressing the given genes, in general, represent gain-of- 
function mutations, whereas loss-of-function mutations in many cases can be 
obtained solely by gene targeting (see below). However, dominant negative 
mutations can also be obtained through expression of some mutant forms of 
genes (10-13). In addition, the expression oftransgenes encoding antisense RNA 
or short interfering RNA successfully inhibited the expression of endogenous 
genes in transgenic mice (8, 24). 

Most cloned genes introduced into the mouse germ line have shown 
appropriate tissue-specific and stage-specific patterns of expression despite their 
integration into apparently random sites in the host genome. Thus, for studies of 
the control of gene expression, transgenic mice have provided the definitive 
experimental assay to define the cA-acting DNA sequences that control specific 
patterns of transcription in vivo (2, 7, 25). 

2.2. Generation of Conventional Transgenic Mice 

The procedure for generating a conventional transgenic mouse line includes 
preparing DNA constructs, setting up the mouse colony, microinjecting DNA 
constructs into the pronuclei of fertilized eggs, characterizing transgenic 
“founder” mice, and generating transgenic lines from these founder mice. The 
quality of the DNA constructs is critical for efficient generation of transgenic 
founder mice. High purity of the DNA, avoiding the use ofethidium bromide for 
DNA staining, removing all vector sequences from the cloned genes, and using 
relative short DNA constructs (<70 Kb) usually increase the rate of success (40- 
60%) of generating founder mice. 

The most extensively and successfully used method of gene transfer is 
microinjection of DNA directly into the pronuclei of fertilized mouse eggs. 
Infection of embryos with retroviral vectors has also been used. The 
microinjection method results in the stable chromosomal integration of the 
foreign DNA in 10-60% of the resulting mice. In most cases, the integration 
appears to occur at the one-cell stage of the embryos; as a result, the foreign 
DNA is present in every cell of the transgenic mouse, including all primordial 
germ cells. In 15-25% of cases, foreign DNA is integrated at a later stage, 
resulting in mice that are mosaic for the presence of foreign DNA. 

2.3. Generation of Conditional (Inducible) Transgenic Mice 

Sometimes, it is desirable to have transgenes that will be silent until 
specifically activated by an experimental manipulation, such as the 
administration of a drug. In early studies, the metallothionein promoter was 
frequently used to generate inducible transgenic mice (26). The metallothionein 
promoter drives transgene expression at low basal levels in many tissues; 
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however, feeding the transgenic mice with water containing Zinc can increase 
the transgene expression up to 100-fold in many tissue, including liver, kidney, 
and intestine (26). However, this system lacks tissue specificity. 

Recently, the tet-operon (Tet-O) system has been used widely to generate 
conditional (inducible) transgenic mice in a tissue-specific manner (22, 23). In 
this system, two transgenic mouse lines must be generated: one with the desired 
transgene under the control of a Tet-0 promoter containing a tetracycline- 
responsive element (TRE) and the other expressing a tetracycline-controlled 
transactivator (tTA) under the control of a tissue-specific promoter (Fig. 1). 
Crossing these two lines will generate transgenic mice carrying both transgenes. 
When the doubly transgenic mice are fed a diet containing tetracycline, the 
tetracycline binds to tTA, blocking the binding of the tTA to the TRE of the Tet- 
O promoter and turning off the transgene expression (Fig. 1). When the 
tetracycline is withdrawn, tTA is released and binds to the TRE of the Tet-0 
promoter, turning on the transgene expression (Fig. 1). 
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Figure 1. Schematic diagram of the tTA-TRE system used to generate inducible transgenic mice. 
tTA, tetracycline-controlled transactivator; TRE, tetracycline-responsive element. 



3. Generation of Gene- Targeted Mice 

3.1. Application of Gene-targeted Mouse Technology 

In biomedical research, gene-targeted mice are animals used to study the 
physiological functions of a given gene in the intact animal by deleting the gene 
or functional domain(s) of the gene (knockout) (Fig. 2A). Gene targeting is also 
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used to generate a “humanized” mouse - one expressing a given human gene, 
with or without mutations, under the control of the mouse regulatory elements 
(knock-in) (Fig. 2B). For both purposes, a sequence replacement vector 
containing a homologous DNA sequence is used to replace the chromosomal 
sequence in mice. 
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Figure 2. Schematic diagram of sequence-replacement, gene-targeting strategy used to generate 
knock-out (A) and knock-in (B) mice. Neo, neomycine resistant gene. 



Mice generated with a knockout strategy represent loss-of-function 
mutations, which usually proves whether or not the missing gene is important for 
a given physiological function. However, mice generated with a knock-in 
strategy can represent a gain-of-function, either physiologically or 
pathophysiologically, if the gene has a normal sequence or dominant negative 
mutations, respectively. 
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3.2. Generation of Conventional Gene Knockout Mice 

The procedure for generating a conventional knockout mouse line includes 
preparing sequence-replacement gene-targeting vector (Fig. 2A), growing mouse 
embryonic stem (ES) cells, electroporating the DNA into ES cells, selecting ES 
cells in which DNA has undergone homologous recombination, microinjecting 
the positive ES cells into blastocysts, implantating the injected ES cells into the 
uterus of pseudopregnant female mice, and characterizing the offspring. The 
most important steps are the design of the sequence-replacement gene-targeting 
vector and the use ofhigh-quality, well-established ES cells. The gene-targeting 
vector should contain a selectable marker, usually a neomycin-resistance gene 
(neo), that can be used to screen the positive ES cells (Fig. 2A). The DNA 
sequence of the gene of interest in the targeting vector and the ES cells should 
be from the same strain of mice, if possible. Using unmatched strains of mice can 
dramatically decrease the chances of getting ES cells with homologous 
recombination. 

3.3. Generation of Conditional (Tissue-specific) Gene Knockout Mice 

Sometimes, the gene of interest is so important in mouse development that 
its absence is lethal to the embryo. Embryonic lethality can be avoided by using 
a conditional (tissue-specific) gene knockout strategy. For this, two mouse lines 
must be generated: one gene-targeted line with the desired gene flanked by loxP 
sites and the other expressing Cre (Cre-deleter) under the control of a tissue- 
specific promoter (Fig. 3). Crossing these two lines introduces Cre into the 
conditional gene-targeted mice, where Cre expression will delete the DNA 
sequence between the loxP sites, leading to a tissue-specific knockout of the gene 
(Fig. 3). Sometime, replication-deficient Cre adenovirus can also be used to 
introduce the Cre into the conditional gene-targeted mice, although the deletion 
of the targeted gene might not be 100%. 

3.4. Generation of Gene Knock-in Mice 

Mice generated with a knock-in strategy are usually used to study the effect 
of introducing a human gene into mice. The human gene will result in a 
physiological function if it has a normal sequence or in a pathophysiological 
function if it has a dominant negative mutation. In knock-in mice, the mouse 
gene is replaced with the homologous human gene, with or without mutations, 
under the control of the mouse regulatory elements (Fig. 2B). The advantages of 
this strategy over the transgenic strategy are that the human gene is in the right 
position in the mouse genome and its expression is controlled by the mouse 
promoter. Thus, its regulation and its expression pattern are identical to those of 
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the homologous mouse gene, eliminating the potential artificial effects of 
integration sites and copy numbers sometime observed in transgenic mice. 
However, the neo-selecting gene (usually within an intron of the targeted gene) 
sometimes reduces the expression of the knock-in gene dramatically, generating 
so-called hypomoiphic mice (2 1). In this case, deletion ofthe neo by crossing the 
knock-in mice with the Cre-deleter mice can usually correct the hypomorphic 
phenotype (21). Thus, when a sequence replacement gene-targeting vector is 
designed for a knock-in strategy, it is wisely advisable to flank the neo gene with 
loxP sites. 
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Figure 3. Schematic diagram of the Cre-deleting strategy used to generate conditional (tissue- 
specific) gene knockout mice. Neo, neomycine resistant gene. 
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4. Transgenic Mouse Models in Research on Hypoxic 
Pulmonary Hypertension 

During the past few years, many transgenic mouse lines have been 
established for research on hypoxic pulmonary hypertension (6, 17, 19, 29). 
Studies with these mice have provided significant insights into the pathogenesis 
and potential treatment of hypoxia-induced pulmonary hypertension. 

Patients with severe pulmonary hypertension have low levels ofprostacyclin 
synthase (PGIS) (3), but the pathogenic significance ofthis deficiency is unclear. 
Recently, transgenic mice overexpressing PGIS specifically in distal respiratory 
epithelium of the lung were generated with a construct containing the 3.7-kb 
human surfactant protein-C promoter and rat PGIS cDNA (6). The transgenic 
mice produced twofold higher pulmonary 6-keto prostaglandin F, a (PGF la , a 
product of the PGIS) levels than nontransgenic mice and significantly lower right 
ventricular systolic pressure after exposure to chronic hypobaric hypoxia. 
Histological examination of the lungs demonstrated nearly normal arteriolar 
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vessels in the transgenic mice. The nontransgenic mice had vessel wall 
hypertrophy after exposure to chronic hypobaric hypoxia. These results suggest 
that PGIS transgenic mice are protected from the development of hypoxia- 
induced pulmonary hypertension. Consistent with this conclusion, prostaglandin 
I 2 (PGI 2 ) knockout mice developed more severe pulmonary hypertension and 
vascular remodeling than wildtype mice after chronic hypoxic exposure (9). 
Thus, the PGIS plays a major role in modifying the pulmonary vascular response 
to chronic hypoxia and is a potential therapeutic target. 

Before it causes structural changes occurring in the vessel wall, hypoxia 
induces pronounced inflammation in the lung, which may contribute to the 
pathogenesis of hypoxia-induced pulmonary hypertension (1). Since heme 
oxygenase- 1 (HO-1) has anti-inflammatory properties and helps protect 
cardiomyocytes from hypoxic stress (18), transgenic mice expressing HO-1 in 
the lung were generated to test the hypothesis that overproduction of HO- 1 
would protect mice from hypoxic pulmonary hypertension (17). Indeed, the 
transgenic mice were resistant to the development of pulmonary inflammation 
as well as hypertension and vessel wall hypertrophy induced by hypoxia. These 
findings suggest that HO-1 enzymatic products inhibit hypoxia-induced 
inflammation and pulmonary hypertension. 

In addition, it has also been demonstrated in transgenic mouse models that 
overexpression of the endothelial nitric oxide synthase (eNOS) (19) or a serine 
elastase inhibitor (Elafin) (29) in the lung protects transgenic mice from hypoxic 
pulmonary hypertension. These studies suggest that upregulation of eNOS or 
serine elastase inhibitors might be useful for treating pulmonary hypertension. 

5. Gene-Targeted Mouse Models in Research on Hypoxic 
Pulmonary Hypertension 

Studies in gene-targeted mouse models during the past few years have also 
provided insights into the pathogenesis and the potential treatments of hypoxic 
pulmonary hypertension 

Consistent with the findings in eNOS transgenic mice (19), studies of eNOS 
knockout mice have also suggested the importance of eNOS in the pathogenesis 
of hypoxic pulmonary hypertension (4, 5). The hypoxic pulmonary hypertension 
observed in eNOS knockout mice raised under mildly hypoxic condition was 
markedly more severe than that in controls or eNOS knockout mice raised under 
conditions simulating sea level (4, 5). Further studies suggested that the 
exacerbation of hypoxia-induced pulmonary hypertension in eNOS knockout 
mice was caused by reduced pulmonary vascular proliferation and remodeling 
in response to chronic hypoxia (20). Furthermore, studies of knockout mice 
lacking other isoforms of NOS showed that inducible NOS, but not neuronal 
NOS, also plays an important role in hypoxic pulmonary hypertension (4, 5,16, 
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20 ). 

Other studies from the gene knockout mouse models suggest that vascular 
endothelial growth factor-B (28), urokinase-type plasminogen activator (u-PA) 
(15), and the 5-HT receptor (14) contribute to hypoxic pulmonary hypertension. 
Knockout of any of these genes protects mice from increasing pulmonary 
pressure in response to hypoxia. In contrast, knockout of the atrial natriuretic 
peptide exacerbates hypoxic pulmonary hypertension and right ventricular 
enlargement (27), suggesting that this protein protects against pulmonary 
hypertension induced by hypoxia. 

6. Summary 

Transgenic and gene-targeted mouse models are powerful tools for studying 
the pathogenesis and prevention of hypoxic pulmonary hypertension. Many 
hypotheses based on the findings of in vitro cell culture studies have been proved 
in vivo with these models, which have significantly advanced our understanding 
of the pathogenesis of hypoxic pulmonary hypertension. These mouse models 
could also be useful for screening or testing drugs to treat or prevent hypoxic 
pulmonary hypertension. However, since hypoxic pulmonary hypertension may 
be caused by multiple genetic and environmental factors, single transgenic or 
gene-knockout mouse models might not reflect the complex situation of the 
disease. Thus, future studies on hypoxic pulmonary hypertension should focus 
on generating and analyzing mouse models in which multiple genes have been 
manipulated by transgenic or gene -targeted approaches. 
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1. Introduction 

Vascular tone, the state of active tension of the vessel, is an intrinsic property 
of resistance arterioles. Its functions include i) maintenance of minimum blood 
flow to all organs whether the body is at rest or in action, ii) optimum regulation 
of blood pressure, defining cardiac preload and afterload, and Hi) regulation and 
redistribution of blood flow to meet the demand of an active organ at the expense 
of other resting organs to avoid overtaxing the heart during changes in the work 
load. Vascular tone is a slave of cytosolic Ca 2+ content, which itself is largely 
determined by membrane potential. Hence it is important to understand the 
forces that control membrane potential. 

A major goal of this textbook is to identify, at the cellular and multicellular 
levels, some of the basic mechanisms controlling the membrane potential and 
contractility of pulmonary artery vascular smooth muscle, the end effector in the 
regulation of pulmonary vasomotor activity. The previous chapters in this 
textbook have dealt with physiological mechanisms underlying the regulation of 
hypoxic pulmonary vasoconstriction. The goal of this chapter is to elaborate on 
the more practical aspects of understanding pulmonary vascular tone, namely the 
techniques commonly used to study the underlying ionic mechanisms responsible 
for changes in pulmonary arterial contraction. 

Three techniques are commonly employed to directly measure myocyte 
function, or vascular tone: i) a direct measurement of vascular tone may be done 
in whole -body studies, for example, by the use of a catheter to measure blood 
pressure, or more directly in tissue preparations or in isolated myocytes, for 
example, with an isotonic tension myograph, ii) cytosolic free calcium 
concentration, which is directly correlated to the degree of vascular tension, may 
be measured with Ca 2+ -selective fluorescent dyes, Hi) currents carried by ions 
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crossing the sarcolemmal membrane, one of the two mechanisms by which 
cytosolic free calcium is regulated, may be measured. Although membrane 
potential may be measured with fluorescent dyes, the golden standard is the use 
of the voltage-clamp technique, which allows the measurement of both 
membrane potential, and the membrane ionic currents that maintain that 
potential. The remainder of this chapter will focus on the applications of 
fluorescent Ca 2+ indicators and voltage-clamp electrophysiology in 
understanding the role played by transmembrane and intracellular ion movement 
in the regulation of vascular tone. 

2. Measuring Intracellular Free Ca 2+ Concentration 

Intracellular Ca 2+ concentration ([Ca 2+ ] : ) is regulated by Ca 2+ uptake and 
release from intracellular stores as well as by Ca 2+ transport across the plasma 
membrane via ion channels, exchangers and electrogenic pumps (10, 13). While 
Ca 2+ movement can be gauged using ion-selective electrodes and radio labeled 
Ca 2+ , these techniques do not allow for the visualization of Ca 2+ movement 
within the cell. Fluorescent Ca 2+ indicators that show a spectral response upon 
binding to free Ca 2+ have been used extensively to investigate [Ca 2+ ]; changes in 
cells. These changes can be quantified using fluorescence microscopy, flow 
cytometry, and fluorescence spectroscopy (2). The following section describes 
in more detail the use of fluorescent Ca 2+ indicators to measure [Ca 2+ ]j in living 
cells. Those interested in learning more about the detection and measurement of 
calcium in living cells should consult more thorough sources (8, 11). 

2.1. Fluorescence Ca 2+ Imaging 

2.1.1. Background 

Fluorescence is the result of a three-stage process involving both the 
absoiption and release of energy (Fig. 1 A). A photon of energy (hv ex ) supplied 
by an external light source (lamp or laser typically) is absorbed by the 
fluorophore. The activated fluorophore remains in this excited state (S,’) for a 
finite time (1-1 0x1 O' 9 sec), during which it undergoes conformational changes 
until it reaches a more relaxed state (S,). A photon of energy (hv em ) is emitted 
when the fluorophore returns to its ground state (S 0 ); the wavelength of the 
emitted light (“fluorescence”) is generally longer due to energy dissipation 
during the transition from the S , ’ to S, states. Typically many fluorophore 
molecules are excited simultaneously to variable S„ states, then return to slightly 
different levels of S„ resulting in a wide emission spectrum. Fluorescent 
indicators for Ca 2+ are typically chelators that change or shift their fluorescence 
spectrum when bound to their ligand, Ca 2+ . 
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Figure 1. Fluorescence properties and fluorophore loading. A: Jablonski diagram depicting the 
excitation of fluorescent indicators by energy absorption (hv ex ), the generation of the excited and 
relaxed singlet states (S, ’ and S„ respectively), and the subsequent emission of fluorescence 
coupled to the return of the fluorophore to its ground state (hv cx ). B: Schematic representation 
of active (left panel) and passive (right panel) loading techniques. In active loading, the indicator 
is directly introduced into single cells, as shown by pipette injection in this figure. Use of 
acetoxymethyl ester indicators (shown here) is described in the text. Both loading techniques 
result in a significant number of fluorophore molecules binding to free Ca 2+ within the cytoplasm 
(bottom panel), as well as a number of unbound fluorophores (which are washed from the cell 
prior to experimentation and free Ca 2+ ions (unbound by fluorophores) which will not fluoresce. 



Fluorescence output of the indicator is of key importance in their use. 
Fluorescent dyes are inherently sensitive to decay due, in part, to repeated 
exposure to excitatory wavelengths (“photobleaching”). Photobleaching can be 
avoided by using low-light detection devices such as CCD cameras or 
photomultiplier tubes (PMT), high numerical aperture objectives that capture a 
larger area of emitted light such that the excitation intensity can be reduced. 
Simply increasing the number of fluorophores available for detection (see 
loading strategies below) can significantly enhance emission, although this 
approach may increase the rate of self-quenching (quenching of one fluorophore 
by another) and/or fluorescence resonance energy transfer (where emission of 
one fluorophores is coupled to the excitation of another). The indicator should 
be carefully chosen for its absorption and emission properties (molar extinction 
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coefficient for absoiption and quantum yield for fluorescence, respectively) to 
maximize the efficiency of the detection tools. 

2.1.2. Loading Techniques 

The cell loading of intracellular dyes is generally divided into two groups. 
Bulk loading procedures by chemical, mechanical and electrical means apply to 
large populations of cells and include acetoxymethyl ester form loading, 
detergent- or ATP-induced membrane permeabilization, liposome delivery, 
electroporation, or hypoosmotic shock. Single-cell loading procedures involve 
the injection of dyes into one cell at a time (5, 6) (Fig. IB, left). The use of non- 
invasive AM ester form of the dyes (Fig. IB, right) is the most popular method 
for loading fluorescent indicators. In this process, the charged moieties of a 
fluorescent indicator are bound to an acetoxymethyl (AM) group via an ester 
bond, rendering the indicator non-polar allowing it to permeate the cell 
membrane. In the AM form, fluorescent dyes are insensitive to ions. Incubation 
of the dye (dissolved in anhydrous DMSO, then added to media) at room or body 
temperature for 15-60 minutes allows for membrane permeation. Once inside the 
cells, AM esters are cleaved by intracellular esterases, making the dye sensitive 
to its target molecules, and trapping it within the cell. 

In the case of patch-clamp electrophysiology, both bulk and single-cell 
techniques have been successfully used. Because some dyes are not available in 
membrane -permeable forms, electrophysiologists can also incorporate 
fluorescent dyes into the pipette solutions. Upon obtaining whole-cell access, 
fluorophores dialyze into the cytosolic space and bind their targets (Fig. IB, left). 
The use of non-permeable dyes avoids problems associated with AM dyes, such 
as compartmentalization into intracellular organelles, incomplete AM ester 
hydrolysis, and extrusion by organic ion transporters. 

2.2. Intracellular Ca 2+ Indicators 
2.2.1. Selection Criteria 

Most Ca 2+ -sensitive fluorescent indicators are variants of the Ca 2+ chelators 
l,2-bis(2-aminophenoxy)ethane-N,N,N’N’-tetraacetic acid (BAPTA) and 
ethylene glycol-bis(p-aminoethyl ether)-N,N,N ’ ,N ’ -tetraacetic acid (EGTA) 
(2,12). These fluorophores vary mainly in terms of their excitation and emission 
wavelengths and their Ca 2+ dissociation constants (K d ). A number of factors must 
be taken into account when selecting an indicator, i) Many commercially 
available intracellular Ca 2+ indicators are available in free salt, AM ester, and 
dextran forms, thereby influencing the loading techniques used. Salt and dextran 
forms are typically injection-loaded into one cell at a time while AM forms are 
bulked loaded (see loading strategies below), ii) Excitation and emission 
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wavelengths depend on the type of equipment being used to quantify and qualify 
fluorescence. Only ion indicators that exhibit spectral shifts upon binding to ions 
(e.g., Fura-2 and Indo-1) can be used to directly quantitate Ca 2+ concentration. 
iii) The K d must be compatible with the range of Ca 2+ concentration (from 
quiescent to stimulated levels) within the cell, typically the Ca 2+ concentration 
should fall between 0.1 x K d and 10 x K d . Ion indicators in particular are most 
sensitive in the narrow concentration range near the indicator’s K d . The K d of 
ion-sensitive indicators is dependent on many environmental factors (pH, 
temperature, ionic strength, viscosity, protein binding, and presence of other 
ions), which must be taken into account when choosing a Ca 2+ indicator. 

2.2.2. Types of Intracellular Ca 2+ Indicators 

Fura-2 and indo-1 are the two most commonly used Ca 2+ indicators excited 
by ultraviolet light (-320-465 nm absorption wavelengths). These two dyes, and 
their derivatives, allow for ratiometric measurements of [Ca 2+ ] f and are 
considered interchangeable in most experiments. The fluorescence ratio obtained 
with UV-excitable dyes is converted to [Ca 2+ ] f using the following formula: 



[Ca»l=k,x 



Hr) 

(ft-Max ~ R) 




[ 1 ] 



K d refers to the Ca 2+ dissociation coefficient (145 and 225 nm for fura-2 and 
indo-1, respectively) for the Ca 2+ -fluorophore complex, S b2 and S a are the 
emission fluorescence values at the higher excitation wavelength (380 nm for 
fura-2) in the presence and absence of Ca 2+ , R is the measured ratio of the 
fluorescence values, and R mm and i? max are the calculated fluorescence values. As 
hinted above, various cytosolic components can interfere with or compete for 
Ca 2+ binding, thereby changing the value of K d to an adjusted K d . Since the S 
ratio is a constant, it is usually combined with the dissociation constant to yield 
effective K d (K e(r ) and the formula is simplified to: 



[CA],=^ # x 



fin) 

(R Max ~ R) 



[ 2 ] 



In the case of fura-2, binding to Ca 2+ shifts the absorption spectrum of fura-2, 
seen by scanning with an excitation spectrum between 300 and 400 nm while 
registering emission at -5 10 nm. This dual excitation-single emission property 
makes it ideal for use in fluorescence microscopy where the excitation spectrum 
can be chosen by rotating filters within the illumination system. 
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Indo- 1 is more favorable than fura-2 for use in flow cytometry experiments 
since its excitation spectrum is more limited (35 1 to 356 nm) while emission is 
observed at two wavelengths (402 and 485 nm) (see Chapter 4 for examples of 
Ca 2+ transients measured using UV-excitable Ca 2+ fluorophores). 

Visible light-excitable Ca 2+ indicators, such as fluo-3 and rhod-2, can be 
efficiently excitedusing lasers. Fluo-3 is used as an indicatorofsub-sarcolemmal 
[Ca 2+ ], changes such as Ca 2+ sparks detected by confocal microscopy (Chapter 
3). Because visible light-excited fluorophores are essentially non-fluorescent 
unless bound to Ca 2+ , there is reduced interference from autofluorescence. 
Fluorescence can increase as much as 3- 100-fold as more Ca 2+ is bound and the 
dye is saturated. Their higher absorbance also allows for lower loading 
concentrations, thereby decreasing phototoxicity in living cells. Finally, Fluo-X 
dyes bind faster to Ca 2+ , making it possible to resolve very fast transient events. 
Potential organelle compartmentalization and the lack of an emission shift upon 
binding to Ca 2+ (thereby precluding direct ratiometric Ca 2+ measurements) are 
some more common disadvantages associated with the use of visible light- 
activated indicators. Using dextran conjugates of the fluorophores can alleviate 
compartmentalization of indicators. Dextrans are non-toxic, inert, water-soluble 
hydrophilic polysaccha-rides coupled to the fluorophores. Both UV- and visible 
light-excited Ca 2+ indicators are commercially available as dextran conjugates. 
Coupling of visible light-excited fluorophores with different emission 
wavelengths can also allow for ratiometric measurement of [Ca 2+ ]j provided that 
the dyes are distributed similarly within the cells. In some cases, the emitted 
fluorescence ratio of some visible light-excited dyes can be converted to absolute 
[Ca 2+ ]i by a pseudo-ratio method according to the following formula: 



[Ctf 2+ ], = 



(K d xR) 



K d 

[C« 2+ ]„ 



-l-R 



[3] 



where R is F/F 0 , K d is the dissociation constant of the fluorophore, and resting 
Ca 2+ ([Ca 2+ ] r J is either measured or approximated (~ 100 nM in vascular - smooth 
muscle, cardiac, and neuronal cells). 



3. Patch Clamp Electrophysiology 

3.1. Brief Historical Perspective 

As early as the 1950’s and 1960’s, scientists suspected that charged elements, 
or ions, flowed across the lipid bilayer forming the biological membrane via 
hydrophilic pores formed by integral transmembrane proteins. In the late 1960’s, 
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discrete electrical events were recorded from bacterial membrane proteins 
embedded in lipid bilayers (1), although the resolution achieved by these 
amplifiers could not detect the same events in isolated cells or tissues. 

Nine years later, Neher and Sakmann (7) published the first report of unitary 
currents from cation channels recorded from an intact cell membrane patch (1 
pm 2 in area) from denervated frog muscle fibres using glass micropipettes. What 
followed was years of optimizing cell isolation techniques, pipette geometry, size 
and composition, electronic designs. The major breakthrough in the advent of 
modem-day patch clamping occurred when Hamill et al. (4) found that applying 
negative pressure to the membrane patch via the glass pipette increased seal 
resistance into the gigaohm range. The latter, combined with the improved 
amplifier and electronic components, provided i) improved signal-to-noise ratio, 
thereby improving resolution and reproducibility, ii) opportunity to apply voltage 
pulses to the membrane proteins (voltage-clamp), Hi) mechanical stability of the 
patch during excision. Today, patch-clamp electrophysiologists use the improved 
technology to measure sub-picoampere single-channel currents, macroscopic 
(whole-cell) currents, membrane and action potentials (current-clamp). In 
addition, it is possible to study the integral channel proteins using different 
membrane configurations, enabling the patch-clamper to fully regulate the 
cellular environment and, therefore, channel modulation. 

3.2. Description of the Patch-clamp Technique 

Successful patch clamping is the result of having mastered two technical 
aspects. First, one must be able to physically position the micropipette onto the 
cell surface without breaking through the membrane. Secondly, the solutions 
both within the pipette and in the superfusing medium should mimic the intra- 
and extra-cellular media as closely as possible. The following paragraphs 
introduce the basic elements of patch clamping that should enable the reader to 
understand the concepts involved. Due to space limitations, descriptions will be 
brief. Those interested in furthering their knowledge of the more practical 
aspects (pipette fabrication, micro-circuitry, electronics, voltage-clamp 
protocols) of patch clamping should consult other textbooks and monographs on 
these subjects (3, 9). To further understand the more practical applications ofthe 
patch-clamp technique, we suggest that the readers consult the extensive list of 
literature that has been published using this technique in different cell types. 

3.2.1. Forming the Gigaohm Seal 

The pipette is maneuvered toward the cells using a remote-controlled 
micromanipulator (Fig. 2A). When the pipette filled with electrolyte solution is 
immersed in the bathing medium, a junction potential is created which must be 
zeroed (i) prior to touching the cell membrane. As the pipette touches the cell, 
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tip resistance is increased, making the square-wave voltage pulse seem smaller 
(//). With the tip of the pipette firmly pressed down on the cell (near the center 
of the cell to satisfy the “space clamp” criterion), negative pressure is applied via 
the pipette holder (Hi) and tip resistance increases into the gigaohm range. At this 
point, the voltage pulse should be seen as a flat line, with capacitance spikes 
apparent at its right and left edges. 

3.2.2. Configurations and Their Applications 

When a gigaohm seal has been achieved, the patch is said to be in the cell- 
attached configuration. Voltage pulses applied by the amplifier via the pipette 
allow to record the opening of single -channels located within the patched 
membrane area (Fig. 2B). In this configuration, one can control channel activity 
only via voltage or solution alterations, which is a serious limitation for 
experimental purposes. In order to control both the intra- and extracellular media, 
the membrane patch may be manipulated in a few ways. First, the pipette can be 
rapidly pulled up, without breaking the gigaohm seal, resulting in an inside-out 
configuration, where the outer face of the membrane is sealed within the pipette 
and the inner face is exposed to the bathing medium (iv). Secondly, an antibiotic 
ionophore (e.g., nystatin, amphotericin B) can be added to the pipette solution 
and allowed to diffuse toward the membrane. Gradually, embedded ionophore 
molecules permeabilize the membrane (perforated patch), allowing for diffusion 
of small molecules such as ions, but not of cytoplasmic proteins and large 
molecules (v). Thirdly, additional negative pressure or a strong and fast voltage 
surge (“ZAP”) can be applied via the pipette to rupture the membrane patch, 
giving the standard whole-cell configuration (vi). In this mode, the user can 
easily control both the intra- and extra-cellular environments. Macroscopic 
currents recorded from cells in this configuration represent the cumulative 
activity of all the ion channels contained within the cell membrane (Fig. 2C). The 
outside-out configuration is achieved by mpturing the cell membrane, and then 
gently pulling up the pipette (vii), thereby stretching the membrane outside the 
pipette until it reseals itself ( yiii ), forming a miniaturized cell. The latter two 
configurations require that cells be tightly attached to the bottom of the chamber. 

Each of these patch-clamp configurations has its experimental applications. 
Single-channel current recordings from cell-attached patches provide vital 
information about the gating and kinetics of individual channel proteins under 
physiological conditions, and are also an invaluable tool in identifying closely 
related currents based on their single-channel permeability or ion conductance. 
The possibility of simultaneously recording the activity of multiple channels is 
the greatest advantage provide by the use of whole-cell configurations. 
Furthermore, it allows the researcher to measure currents from small 
conductance ion channels, currents which would be difficult to resolve under 
other circumstances. On the other hand, the large pipette volume also acts as a 
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sink into which normally intracellular metabolic factors may dissolve during the 
experiment, potentially resulting in increased channel rundown. 
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Figure 2. Patch clamp electrophysiology. A: Formation of the gigaohm seal (described in the 
text) results in either the cell-attached (iii) or whole-cell (vi) patch clamp configurations. Whole- 
cell access can also be achieved using ionophores (v) that selectively permeabilize the 
membrane. Inside-out (iv) and outside-out (viii) configurations are variants of the cell-attached 
and whole-cell configurations, respectively, achieved by pulling the patch pipette away from the 
cell surface while maintaining the gigaohm seal. (Reproduced with permission from Ref. 3) 
Current measurements from cell-attached (B)and whole-cell (C) provide information on channel 
gating properties and kinetics. Openings of sarcolemmal channels contained within the pipette 
mouth can be observed in the cell-attached mode. The single-channel openings are characterized 
by their amplitude (Ba), open (Bb) and closed (Be) time durations, and open probability (Bd). 
Single-channel conductance, a value unique for each channel type, can be derived from the 
current-voltage relationship generated from these recordings. Whole-cell currents, representing 
the summation of all currents from channels on the membrane, are distinguished by their 
amplitude (Ca), and their activation (Cb), inactivation (Cc), and deactivation (Cd) kinetics. 
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The inside-out and outside-out excised-patch configurations allow for the 
precise control of the cellular environment, i.e. the user controls the ionic 
compositions on either side of the membrane. This allows for a more precise 
understanding of the permeation processes (pore selectivity and conductance), 
gating properties (channel opening and closure), and metabolic regulation (by 
cytosolic or extra-cellular proteins or pharmacological tools). The flexibility of 
the patch-clamp configurations provides the researcher with a selection of tools 
available to study current activity. 

3.2.3. Troubleshooting and Limitations 

Because we can only speculate as to the exact composition of the intra- and 
extracellular media, the ionic composition of the solutions used in patch clamp 
experiments becomes a determining factor in isolating and identifying currents. 
Currents can be identified using ion-selective solutions. For example, in studying 
outwardly rectifying K + channels in vascular smooth muscle cells, the pipette 
solution may be Na + - and Ca 2+ free to minimize the activity ofNa + and Ca 2+ 
channels. Selective pharmacological channel attenuation is another approach 
used by electrophysiologists to dissociate currents. For example, to identify 
voltage-dependent K + without the interference of other K + channels, one might 
include ATP and EGTA (a Ca 2+ chelator) to the pipette media to attenuate the 
activity of ATP-sensitive and Ca 2+ -activated K + channels, respectively. Finally, 
the control of the transmembrane potential offered by the patch-clamp technique 
allows the user to selectively regulate channel activation by modifying the 
holding potential of the patch. For example, Na + channel activity can be 
minimized by using a relatively positive holding potential of -40 mV. Similarly, 
using Ca 2+ -channel selective solutions, a depolarizing pulse to 0 mV from a 
holding potential of -70 mV will select for the activation of L- type voltage- 
dependent Ca 2+ channels, while a pulse to -20 mV from a holding potential of - 
100 mV will select forT-type voltage-dependent Ca 2+ channels. 



3.3. Voltage- and Current-clamp Modes 

Most commercially available patch clamp amplifiers allow the user to select 
between the voltage-clamp and current-clamp modes. Measurement of ion 
currents, as described insofar, is done in the voltage-clamp mode. In this mode, 
the user defines the desired voltage to be clamped by the amplifier. In this mode, 
the amplifier measures the membrane potential, then injects or removes elections 
(current) to deflect the membrane potential toward the desired (clamp) potential. 
The amplitude of the current that is applied by the amplifier is measured by the 
acquisition software and is assumed to be equal to, but opposite in direction to, 
the amount of current generated by the channel proteins at that membrane 
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voltage. This mode is useful to study the kinetics of ion channels or of a specific 
ion channel at any specified voltage. 

In the current-clamp mode, the amplifier simply reports membrane potential 
while applying (clamping) a desired current to the cell membrane. This mode is 
useful to study natural responses of a cell to a specific stimulus. 

3.4. The Future of Patch Clamp Electrophysiology 

Since the invention of the technique, voltage-clamp has relied on the use of 
glass microelectrodes that must be maneuvered onto a cell to form a gigaOhm 
seal with its membrane. There are great difficulties in maintaining a seal on a 
very small cell sandwiched between a glass slide on a microscope stage and a 
glass pipette attached to a mechanical micromanipulator anchored a great 
distance away. Vibrations in the system can reduce the success and longevity of 
an experiment. There are also limitations to the resolution of small currents due 
to the arrangement of an electrode being held high above a cell, acting as an 
antenna for electrical noise. Further, the process of approaching and forming a 
seal onto a cell with a micromanipulator is tedious and requires an operator with 
a high level of training. Finally, the fabrication of microelectrodes from glass 
tubes has not yet achieved a high level of reliability and therefore there is much 
variation in the results from use to use. 

In recent years a number of companies have attempted to produce a planar 
microelectrode device that is capable of performing voltage-clamp experiments. 
Thus far, two of these companies have succeeded in producing such a product 
and will provide this new technology on the market in 2003. The approach 
involves making a micron-sized aperture on a planar substrate that is amenable 
to mass fabrication, and modifying the surface of the said substrate to produce 
seals on the cell membranes. Molecular Devices was the first to market with a 
device containing 48 such apertures. Their approach achieves a partial seal on the 
cell membranes of approximately 70% of the 48 apertures all done 
simultaneously, then makes use of an ionophore to gain sufficient electrical 
access to the cells to voltage-clamp up to 48 cells in parallel. Another company. 
Axon Instruments, a leading supplier of voltage-clamp amplifiers, has partnered 
with AVIVA Biosciences, a biochip developer, to provide an instrument that is 
capable of voltage-clamping up to 16 cells, simultaneously and in parallel. 
AVIVA’s planar electrode chips achieve at least 90% gigaohm seals on the cell 
membranes, then gain electrical and fluid access to the cell by disrupting the 
patch of membrane bound within the aperture in much the same way as would 
happen with a conventional microelectrode. The latter instrument is able to 
control each of the 16 cells individually and intelligently, thereby avoiding 
wasted experiments. At present both companies are targeting the pharmaceutical 
industry, however products should be widely available shortly, making the 
voltage-clamp technique accessible to anyone. 




580 





Figure 3. The integration of patch clamp electrophysiology and intracellular Ca 2+ fluorescence. 
Membrane currents are measured using headstage and patch clamp amplifiers coupled in series 
with the patch pipette. Ca 2t indicators are introduced into the cell, either by inclusion in the 
pipette solution (shown in left upper inset) or by AM loading (see Fig. IB). Indicator molecules 
are excited by UY lamps or laser; the appropriate excitation wavelength for each dye is chosen 
using filters cubes or rotating filter wheels (shown here). The excitatory energy is transmitted to 
the dye-loaded cells using a mirrored filter and fluorescence is transmitted back through this filter 
from the cell. Emission is measured at pre-determined wavelengths selected, once again, by filter 
cubes or wheels (shown here). The fluorescence signal is quantified by CCD or photomultiplier 
tube (PMT) device for each wavelength. For dual excitation or emission dyes, the ratio of the two 
signals is recorded using a signal ratio processor. Current and Ca 2+ signals are processed by 
computer software for simultaneous display. 



4. Complimentary Techniques: Patch Clamping and 

Fluorescence 

Much of the current state of knowledge about vascular tone regulation has 
been achieved through advances in the measurements of ion currents and in the 
quantification of ion flux both within the cell and across the sarcolemmal 
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membrane. While patch-clamp electrophysiology and fluorescent Ca 2+ imaging 
are vastly different technically, they have proven to be quite complimentary. The 
development of Ca 2+ -sensitive fluorescent dyes has evolved such that the latter 
can be introduced directly into cells both passively (membrane diffusion) and 
actively (injection). Introduction of these indicators into living cells has enabled 
electrophysiologists to not only monitor currents through different channels, but 
also to visually monitor the accompanying changes in intracellular ion 
concentration. In fact, many laboratories currently equipped to perform patch- 
clarnp techniques are also prepared to measure ion transport using fluorescent 
dyes. Figure 3 shows an example of how the two technologies can be integrated 
in one setup. 

In a generalized scenario, a central computer controls the equipment used for 
both patch clamping and intracellular Ca 2+ imaging. Headstage and voltage- 
clamp amplifiers are used to measure membrane currents, and the signals are sent 
to a computer, where software allows for real-time acquisition. The same 
computer also controls the speed and rotation of a filter wheel (selecting for 
different light wavelengths by spinning) coupled to a light source, which serves 
to excite the Ca 2+ -bound indicators. Once the indicators are excited, the 
fluorescence is filtered (with dichroic mirrors or filter wheels), and quantified, 
typically using either CCD or photomultiplier tube (PMT) devices. Many 
acquisition programs can acquire data from multiple sources simultaneously. In 
this case, the signals for both membrane currents and intracellular Ca 2+ are 
passed through a digitizer, which communicates with the acquisition software, 
allowing for simultaneous multi-channel acquisition and display. The data 
collected will thus clearly show any correlation that may exist between current 
activity and intracellular Ca 2+ levels. 

5. Summary 

Ion movement is central to the regulation of vascular tone. While many other 
techniques exist, patch clamp electrophysiology and fluorescent indicators have 
been used extensively to measure transmembrane ion currents and ion 
concentrations, respectively. The content of this chapters has been intended to 
provide the readers with a general overview of how these techniques have 
evolved, their basic underlying principles, how they are applied, and how they 
have been used simultaneously to provide a clear picture of cell physiology. 
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203, 325(F)-326 
synthesis (cyclase) 
candidate 0 2 sensor 553 
modulation by AMPK 331-332 
metabolic state 60,91,95,324-326 
ROS 94, 327-331 
P0 2 window 94-95 
Cyclooxygenase 

modulation by Rho/Rho-kinase 423- 
424 

reversal of HPV 24, 548, 550 
source of superoxide anion 250, 252 
Cytochrome c 

role in K v channel inhibition 176, 189 
Cytochrome c oxidase 141, 295(F)-296, 
384 

role as an 0 2 sensor 345-346 
Cytochrome P-450 
metabolites 188, 224, 476 
monooxygenase 177-178, 223(F) 
source of ROS 250-252 

D 

Dopamine 82, 362-363(F), 375, 378(F)- 
379, 389-391,485 
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Ductus arteriosus 
0 2 sensor 136, 139 
narrowing in PPHN 482 

E 

Early growth re spone-1 (EGR-1) 182, 
347, 438-439 

Electron transport chain (ETC) 
complex I (NADPH ubiquinone oxido- 
reductase) 

AOS and ROS production 142-143, 
145-146, 149(F), 265(F), 270, 298, 
302-305, 345-6 

catecholamine secretion 367-369(F) 
deficiency phenotypes 144,298-299 
induction of growth factors during 
hypoxia 346 

modulation of K + currents 123,137, 
142, 176, 301 -302(F), 381(F), 383 
subunit composition 143-144, 298 
inhibitors (rotenone, MPTP) 144, 
265, 270-271 

role in HPV 141, 145-146, 267-268, 

278, 328 

complex II (succinate dehydrogenase) 
catecholamine secretion 367-369 
effect of AOS 147 
ROS production 145, 328 
inhibition by TTFA 143(F), 367-369 
complex II (ubiquinol cytochrome-c 
oxidoreductase) 

AOS and ROS production 142, 145- 
146, 148, 150, 264-266, 267, 270, 

279, 298, 303, 327-328, 346 
catecholamine secretion 367-369 
effect on [Ca 2+ ]i 267-268, 328-329 
HIF-la activation 270 

growth factor induction 346 
inhibitors (antimycin A and myxo- 
thiazol) 145-146, 265(F) 

K v current modulation 142 
0 2 sensing 142, 147, 150, 267, 270 
role in HPV 141-142, 145-146, 148, 
267, 279, 327 

structure and function 145-147, 319 
complex IV (cytochrome oxidase) 



activation of Ca 2+ sparks 59 
activation of carotid body 141 
AOS and ROS production 145, 265, 
271, 303-304(F) 

catecholamine secretion 367-369 
effect on membrane potential 383- 
384(F) 
expression 
tissue diversity 296 
neontal development 308 
inhibition by cyanide 141, 145 
HIF-la modulation 271,347 
role in pulmonary vasoconstriction 
140, 145, 268 

structure and function 144-145, 319 
Endothelin-1 (ET-1) 
effect on [Ca 2+ ] ( 59-60(F), 68-69(F), 
72-73(F) 

effect of pulmonary hypoxia, PPHN, 
or hypertension on gene expression 
72, 263, 268, 428,^441, 480,503 
in HPV 26, 225-226, 419, 425, 

43 8 (T), 503, 533,549 
in hypoxia-induced vascular remode- 
ling 258, 263, 425, 439, 503, 533 
inhibition of K v current/expression 
124, 173 

link with NO 477-478, 503 
receptors 59, 224, 424-425, 428, 441, 
477, 503, 533 

plasma levels (normal and diseased) 
67, 72, 480, 534 

stimulation by ROS 251(T), 258 
upregulation by Rho-kinase 425 
Endothelium, role in Ca 2+ sensitization 
112-113 

Endothelium-derived hyperpolarizing 
factor (EDHF) 

activation of Kc, channels 476-477, 
535 

cytochrome P-450 metabolite 535 
Erythropoietin (EPO) 183, 268-270, 
297, 342, 344(T), 350, 501, 527-528 
Experimental models 
HPH 

gene-targeted mice 561-566 
transgenic mice 559-561, 564-565 
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HPV 

isolated arteries 549-552 
cells 552-554 
lungs 545-549 

primitive vertebrates 554-555 
transgenic animals 554 
Ductus arteriosus ligation, 437-438, 
489 

Extracellular matrix proteins 414, 419 

F 

Fenton reaction 235-236, 249, 294, 
351-354 

G 

Glutathione peroxidase 233, 240, 249, 
251, 265, 268, 330, 351, 354 
Glycolysis 

effect ofhypoxia 321-322 
pathway 317-319 

role in Ca 2+ sensitization in HPV 111- 
112,323 

gp91 phox 

knockout animals 258, 278, 345, 383 
NOX homologs 156-157, 250-251(T) 
0 2 -sensing NADPH component 155- 
156, 234, 345, 382-383 
regulation of extracellular matrix 154 

H 

Haber-Weiss reaction 235-236, 249 
Heme oxygenase-1 344(T), 501-503, 
565 

High altitude 

Brisket’s disease 498, 523 
pulmonary edema (HAPE) 24-26 
Hydrogen peroxide (H 2 0 2 ) 425, 235, 
257(F), 293 

second messenger in 0 2 sensing 242, 
440 

SR Ca 2+ release trigger 60-61, 176, 267 
Hydroxyl radical 234-236, 238, 241, 
278, 286, 351 
Hypercapnia 81, 377 



Hypoxemia 81, 105, 135,341,471, 
481-488 

Hypoxia-inducible factor- 1 (HIF- 1 ) 
cell proliferation 259, 440 
in HPH 183, 409 

growth factor and mitogen induction 
183, 259, 268, 347, 440, 501 
subunits 242-243, 268-269, 347, 501 
modification by ROS during hypoxia 
259, 268-272, 347 

oxygen sensitivity 182-183, 242-243, 
270-271, 346-347, 438, 501 
phosphorylation 347-348 
regulation by superoxide 234, 259, 
268-272, 297, 348, 350-351 
Hypoxic pulmonary hypertension (HPH) 
collagen 405, 413(F), 497, 536(T) 
elafin 410, 565 
elastin 411(F), 497 
growth and vasoactive factors 438(T) 
HIF-2a deficiency 351,409 
5-HT receptor 505-506, 566 
strain (rat) differences 524-528 
Hypoxic pulmonary vasoconstriction 
(HPV) 

dependence on Ca 2+ 70-71, 85, 87-89, 
128-129, 139-140, 204-205, 257-258, 
266-267, 284-285 
endothelium-dependence (see also 
Cyclooxygenas, Cytochrome P-450, 
ET-1, Leukotrienes, Lipoxygenase, 
NO, Prostacyclin, Thromboxane, and 
VEGF) 24, 84, 112-113, 139, 219- 
220, 222-227, 425-426, 476-478, 
503, 533-535, 549-550 
nervous regulation 82 
phase I (transient) 25, 61, 83, 85-90, 
107, 138-139, 277 

phase II (sustained) 83, 86, 88-90, 92, 
107, 109, 111, 138-139,221,277 
physiological characteristics 4-6, 83, 
137-141, 199, 263, 499-501 
P0 2 dependence 94-95 

I 

Ischemia 149-151, 188, 247-248, 287 
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Inositol 1,4,5-trisphosphate (IP 3 ) 
receptor 53, 168, 287 
IPj-induced Ca 2+ release (I1CR) 70 
Intracellular Ca 2+ pools 61,67, 168-169, 
203, 284 

K 

K + channel 

associated protein (KChAP) 184 
interacting protein (KChIP) 184 
K ATP channels 127-128, 151,380-381 
Kq, channels 

activation by Ca 2+ sparks 54-55, 58 

BKc, 

in AMC cells 380 

in carotid body glomus cells 365-366 
in PASMC 126-127 
in PC12 cells 392 
SKc 381,392 
K jr channels 122,281 
KRE binding factor (KBF) 182 
K t (tandem-pore two domain) channels 
122, 128, 153 
K v channels 
in AMC cells 380 
in PASMC 122-126 
in PC12 cells 392-396 
inhibition during hypoxia 178-181 

L 

Leukotriene 139, 223, 253, 472,477,546 
Lipoxygenase 188, 223-224, 253, 407, 
441, 477, 537, 546, 550 
Longitudinal heterogeneity 17-20 
Lung structure heterogeneity 15-17 

M 

Mechanical/shear stress 22-23, 41, 224, 
251, 473, 475-478, 494, 499, 552 
Mitochondria 

AOS production hypothesis 142, 150- 
151 

diversity among organs and cells 298- 
297 



membrane potential 142, 145, 264, 
298-299, 305 

redox hypothesis 148-150 
redox sensor (see also ACS, ETC, and 
ROS ) 169, 140-143, 157, 175, 267, 
270, 278-279 

respiration 145, 266, 298-299, 304 
uncouplers 123, 367 
Mitogen-activated (MAP) kinase 
ERK 111, 412(F), 423, 425 
p38 MAP kinase 104(F), 1 1 1,221, 348, 
518 

Monocrotaline-induced pulmonary 
hypertension 411, 424, 431, 513 
Morphometries 37-38, 44, 410(F), 501 
Myosin light chain 
MLC20 103-104, 109-111, 421 
kinase (MLCK) 97(F), 103-104, 110, 
222, 421-422, 429-430 
Ca 2+ sensitization 421-423 
phosphatase (MLCP) 103-105, 107, 
109-110, 112, 421-422 
Ca 2+ sensitization 421-423 

N 

Na + -Ca 2+ exchange 53, 59, 61-62(F), 
74, 169 
NAADP 96 
NADH 201, 255, 268 
effect of hypoxia 241 
gp91 phox substrate 156-157 
IPj-mediated Ca 2+ release 287 
modulation of K Ca 127, 282-284 
reaction pathway 142-143 
NADPH oxidase 

AOS and ROS production 156-157, 
234, 270, 278-279(F), 345, 383 
modulation of K + currents 123, 189, 
278, 281, 382 

0 2 sensor 136, 155-157, 175, 270, 
278, 324, 345, 350, 383 
subunit structure 155, 187(F), 234,250 
Natriuretic peptide 499-500, 532, 535, 
566 

Navier/Navier-Stokes equation 40-42 
Neuroepithelial body (NEB) cell 136, 
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153, 278, 281, 382-383, 392 
Nitric oxide (NO) 
activation of K + channels 124, 178, 
189, 252, 552 

induction of elastase activity 414 
inhalational therapy 426, 428, 487- 
490, 499 

responsiveness in newborns 472-473 
role in apoptosis 476, 503 
Nitrosothiols 233, 237, 489 
NO synthase 

vascular tone regulation 475 
post-natal pulmonary adaptation 478- 
479 

paracrine and hormonal regulation 
473-474 

ROS generation 474 
Non-selective cation channel 129, 204, 
208 

Nuclear factor-interleukin 6 (NF-IL6) 
182, 347, 438(T)-439, 441 
Nuclear factor kB (NF-kB) 182, 189- 
190(F), 347 

O 

Oxidative phosphorylation 111-112, 
141, 143, 176, 178, 189, 266, 317, 319, 
321-322, 324-325, 327, 332(F) 
Oxygen-dependent channel regulator 
(ODCR) 177-178, 188, 190(F) 
Oxygen scavengers (see Superoxicle 
dismutase ) 

Oxygen sensors (see HIF-1, NADPH 
oxidase, Cytochrome c oxidase, 
Proline/asparagaine hydroxylases, 
ROS, K v channels, cADPR, and ETC ) 

P 

Peroxidation, membrane-lipid 144, 238, 
241, 250 

Peroxynitrite 235, 237, 250, 412(F) 
Persistent pulmonary hypertension of 
the newborn (PPFIN) 
clnical aspects 

excessive muscularization 482 



extra-/intra-pulmonary shunting 481- 
482, 484-485 
hypoxemia 471, 481-485 
lung hypoplasia 482 
maladaptation 482 
persistent fetal circulation 481 
pathogenesis 

ET-1 upregulation 477-478, 480 
growth factors 474, 480-481 
NO production 473, 480, 482 
phosphodiesterase activity 475, 480 
Pheochromocytoma (PC 12) cells 
effect of hypoxia on 
cytosolic [Ca 2+ ] 390 
membrane potential 390 
neurotransmitter release 390-391 
0 2 -sensitive K + channels 
molecular identity 394-396 
current properties 392-394 
similarity to carotid body glomus cells 
389-390 
Phospholipases 
as RhoA effectors 421 
in agonist-induced [Ca 2+ ]; increases 
59, 69, 75(F), 200 
stimulation by ROS 253, 258 
Platelet-derived growth factor (PDGF) 
183, 348, 423, 438(T)-439, 441. 

45 7 (T), 462-463, 481, 499, 502, 514 
Polyamines 

compartmentation 513 
interconversion 513 
synthesis 512-513 
transport/uptake 

activation of p38 MAP kinase 519 
dependence on Na + 516 
elevation during chronic hypoxia 
513-514 

endothelium-dependence 514 
modulatoin by proteases 514 
target for HPH intervention 517-518 
Polycythemia 136, 404, 409, 430, 483, 
497,501,523-525 
Pretone 218-220(F), 226 
Prolyl hydroxylase 242, 269(F), 271- 
272 

proline/asparagine hydroxylases as 0 2 
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sensors 271, 346, 349 
Prostacyclin (PGI 2 ) 
activity and serum levels in pulmonary 
hypertension and hypoxia 419, 444 
smooth muscle hyperplasia 443 
therapeutic value 407, 444 
Protein kinase C 
isoforms 106 
PKCe knockout mice 108 
Ca 2+ sensitization during hypoxic 
pulmonary vasoconstriction (HPV) 
106-108,221 

proliferation during hypoxia 259 
Protein tyrosine kinase 
Ca 2+ sensitization during HPV 108- 
109 

growth factor-induced proliferation 
109, 502 

R 

Reactive nitrogen species (RNS) (also 
see NO and Nitrosothiols) 236-239, 
250,252-255 

effect on K + channels 176, 252, 254, 
258 

role in HPV and HPH 256-258 
vascular remodeling 258-260 
Reactive oxygen species (ROS) 
effect on, 

cell proliferation 258-260 
K + channels 123, 176,254,257-258, 
260, 280-283, 382 
protein phosphorylation 255-256 
measurement of intracellular levels 
351-353 

0 2 messengers during hypoxia 175- 
176, 256, 349-350 

0 2 sensors (see H 2 0 2 and Superoxide 
anion) 

trigger for increased [Ca 2+ ] ( during 
hypoxia 254, 256, 260, 284-287 
Redox-sensitive K + channels 136 
Rho-associated kinase (ROK) (see 
Rho/Rho-Kinase) 

RhoA GTPase 420 
Rho-Kinase 



isoforms 421 

role in Ca 2+ sensitization in HPV 109- 
111,421-423 
gene expression 423-424 
pulmonary vasoconstriction 421-423 
systemic vascular disease 424 
vascular cell growth 420, 423 
signaling pathway 420 
Ryanodine receptor (RyR) 54-55, 57, 
60-62(F), 70, 90-91, 95-96, 169(F), 
285-286, 315 

s 

Serotonin (5-HT) 

Ca 2+ response 69(F), 72 
hypoxia-enhanced secretion 440, 504 
mitogen 423, 425, 440 
receptors 425, 440, 505-506 
role in HPH 425, 438(T), 440 
stimulation of Rho-kinase-mediated 
Ca 2+ sensitization 429 
transporter (5-HTT) 
deficiency 440, 504-505 
expression during hypoxia or 
hypertension 407,425,440, 504,507 
polymorphism 440 
vasoconstrictor 18- 19(F), 407, 425 
Sulfhydryl oxidation 61 
Sulfonyl urea receptor (SUR) 127-128 
Superoxide anion 142, 147, 234-235 
Superoxide dismutase (SOD) 
catalytic reaction 239, 249 
copper-zinc SOD 148, 239, 242-249 
extracellular SOD 148, 239-240, 249 
mitochondrial manganese SOD 142, 
144, 148, 239, 249, 297, 299, 306 
metallothionein 249, 560-561 

T 

Tenascin C 414 

Thromboxane 219, 223(F), 253, 420, 
477, 533, 546, 555 
Transient receptor potential (TRP) 
channels 206-210 




590 
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Vascular endothelial growth factor 
(VEGF) 

effect on NO production 443 
in angiogenesis 343-344(T), 502 
in PPH 443 

upregulation by hypoxia 344(T), 408- 
409, 439, 443 

Vascular smooth muscle cell plasticity 
in distal pulmonary artery 461-463 
in proximal pulmonary artery 450-454 
effect of hypoxia on proliferation 
454-455,458-461 

phenotypic heterogeneity 456-458, 
461-463 

progenitor cell transdifferentiation 
465-466 

Venous hypoxemia 4, 528, 546 




